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ABSTRACT

Hurt, Matthew R. Ph. D., Purdue University, December 2013. Mass Spectrometric
Studies on the Primary Products of Fast Pyrolysis of Carbohydrates and the Molecular
Structures of Asphaltenes, and the Development of a Rastering Probe for Laser-Induced
Acoustic Desorption into an Atmospheric Pressure Chemical Ionization Source. Major
Professor: Hilkka I. Kenttämaa.
Mass spectrometry (MS) has proven invaluable in the field of mixture analysis
and structural elucidation.

Tandem mass spectrometry (MS/MS) utilizing collision-

activated dissociation (CAD) has become the technique of choice for structural
elucidation of unknown analytes in mixtures. When coupled with gas chromatography
(GC) or high performance liquid chromatography (HPLC), it allows for trace level
analysis of mixture components. In spite of the utility of mass spectrometry in complex
mixture analysis, it does have limitations. Traditional GC/MS methods used for the
analysis of fast pyrolysis products cannot be used to analyze the primary products, thus
limiting the knowledge that can be obtained regarding the true mechanisms of fast
pyrolysis, ultimately restricting the level of control over what final products are formed.
Analysis of mixtures of hydrocarbons, such as crude oil, is also still a problematic area
for mass spectrometry due to the lack of suitable evaporation/ionization methods for the
heavier components. Consequently, very little is known about the structures of molecules
in asphaltenes, the heaviest fraction of crude oil and one of the most complex mixtures in

xxi
nature.

Elucidating the structures of the compounds present in these mixtures is

important for the rational design of methods to prevent the problems the cause.
Experiments described in this thesis employed tandem mass spectrometry to
achieve a better understanding of the primary products of fast pyrolysis of carbohydrates
and structures of molecules in asphaltenes. Chapter 2 briefly describes the
instrumentation used for the research presented in this dissertation. Chapter 3 discusses
the development of on-line mass spectrometric methods for the determination of the
primary products of fast pyrolysis of carbohydrates and their gas- phase reactivity,
demonstrating that there are many primary products that cannot be analyzed using
traditional methods. Chapter 4 examines the differences in the molecular structures of
petroleum and coal asphaltenes. Chapter 5 focuses on changes to asphaltenes’ molecular
structures when they are subjected to the hydrocracking process, a common practice in
crude oil refinement. Chapter 6 compares field deposit asphaltenes, removed from a
pipeline, to heptane precipitated asphaltenes from crude oil in a laboratory. Chapter 7
contrasts the effects of using different solvents in atmospheric pressure chemical
ionization (APCI) of asphaltenes.
Chapters 8 and 9 focus on advances for laser-induced acoustic desorption (LIAD).
Chapter 8 discusses improvements LIAD/APCI, including the development of a highpower laser probe for more reproducible evaporation of high-mass compounds into the
gas phase, and the development of a rastering assembly that greatly increases the surface
area of the LIAD foil that can be sampled. Chapter 9 discusses a novel chamber for
preparing sample foils for LIAD by using a drying gas to prepare foils. The new
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chamber that helps in the production of foils with a more uniform sample layer than
previously possible for nonpolar analytes to improve the reproducibility of LIAD.
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CHAPTER 1: INTRODUCTION AND OVERVIEW

1.1 Introduction
Since the construction of the first mass spectrometer in 1913 by J.J. Thomson,1
mass spectrometry (MS) has developed into an extremely popular technique for solving
complex scientific problems due to its special capabilities, including high sensitivity,
specificity, speed, and experimental versatility.2 This development was foreshadowed by
Thomson when he stated:1 “I feel sure that there are many problems in chemistry which
could be solved with far greater ease by this than any other methods.”
Mass spectrometric experiments consist of four principle components:
evaporation, ionization, separation and detection.3 For an analyte to be studied via mass
spectrometry, it must first be evaporated into the gas phase and ionized. Ionization can
either occur before (pre-ionized), during, or after evaporation. Generally, ionization and
evaporation occur nearly simultaneously in modern ionization sources. An evaporation
technique that will be discussed throughout this thesis, called laser-induced acoustic
desorption (LIAD), is decoupled from ionization, making it a very powerful technique.4-6
Further, various mass analyzers have been developed that separate ions by mass as a
function of some fundamental parameter, e.g., momentum, flight time, or frequency of
motion, among others.3 Most mass analyzers utilize some combination of electric and
magnetic fields under various levels of vacuum to manipulate ions. After the ions have

2
been adequately separated, they need to be detected, their abundance measured and the
results transformed into usable information. The usual mass spectrum will display the
mass-to-charge (m/z) ratios of the ions on the x-axis and their abundances (either relative
or absolute) on the y-axis.
Compositional and structural elucidation of unknown analytes is among the
various applications of MS. Many different approaches have been employed for this task
that vary depending on the type of information desired. A single stage MS experiment
can provide molecular weight information.7

If an accurate enough mass can be

measured, the elemental composition of an analyte ion can be determined.8
To obtain additional information that cannot be obtained from the first MS stage,
multiple-stage tandem mass spectrometry9 (MSn) experiments can be conducted. The
additional stage of analysis can involve collisional activation of the analyte ion.10
Collisional activation can provide structurally informative fragment ions which allow the
structure of the analyte ion to be determined. Ion-molecule reactions can also be used to
obtain useful structural information.11,12 The neutral reagents that are allowed to react
with the analyte ions may be chosen to identify specific functional groups or compound
classes13 or to distinguish isomers,14 tasks that are often difficult or impossible via
collisionally-activated dissociation (CAD) alone.
Tandem mass spectrometry has been found to be very useful for mixture analysis.
MSn and the various types of scan modes available with this technique provide many
useful options for problem solving.15 For analytes in complex matrices, such as those
found in the pharmaceutical industry, the coupling of a chromatographic technique with
MS is often desired.16

In addition to the separation of the analytes and matrix,
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chromatography also allows for purification and concentration of the analyte prior to MS
analysis, thus improving sensitivity.

1.2 Overview
This dissertation focuses on the development of on-line tandem mass
spectrometric methods for the determination of the primary products of fast pyrolysis of
carbohydrates and their gas-phase manipulation, as well as on tandem mass spectrometry
experiments conducted to characterize different asphaltene samples and probe their
molecular structures. Further, instrumentation development was carried out to couple
LIAD to an atmospheric pressure ionization source of a commercial mass spectrometer
with rastering capabilities. Chapter 2 describes the experimental aspects and principles
of the instrumentation employed in the studies described in this thesis. The projects
presented in this thesis required the use of two different types of mass spectrometers,
linear quadrupole ion traps (LQIT) and Fourier-transform ion cyclotron resonance (FTICRs), which are described in this chapter. The basics of LIAD are also introduced in
Chapter 2.
Chapter 3 focuses on the development of methods for the determination of the
primary products of fast pyrolysis of carbohydrates and for their gas-phase manipulation.
The next four chapters discuss the analysis of various petroleum samples, with Chapter 4
focusing on the comparison of the structures of the molecules present in coal and
petroleum asphaltenes. Chapter 5 discusses the differences in the structures of asphaltene
molecules that have been subjected to different levels of hydrocracking treatment.
Chapter 6 compares the structures of the molecules present in field deposit asphaltenes to
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those in heptane precipitated asphaltenes. Chapter 7 examines the effects of different
solvents on atmospheric pressure chemical ionization (APCI) of asphaltene molecules in
an LQIT. The last two chapters focus on instrumentation developments involving the
coupling of LIAD to a commercial APCI source.

Chapter 8 details LIAD/ACPI

instrumentation development that produced an assembly for the rastering of sample foils
for increased throughput and sensitivity. Lastly, Chapter 9 discusses the development of
a sample deposition chamber with the ability to form semi-uniform sample layers onto
LIAD foils for all samples regardless of type of analyte or solvent.
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CHAPTER 2:
FOURIER-TRANSFORM ION CYCLOTRON RESONANCE AND LINEAR
QUADRUPOLE ION TRAP MASS SPECTROMETRY: INSTRUMENTAL AND
EXPERIMENTAL CONSIDERATIONS

2.1 Introduction
Since the invention of mass spectrometry, the diversity of mass analyzers has
consistently increased, with each analyzer having its own unique role within the mass
spectrometric community based on its distinctive advantages and disadvantages.1 Mass
analyzers can be classified into one of two categories: trapping and scanning. Trapping
mass analyzers confine ions into a particular area where all ion manipulations are
conducted at different points in time.1 Common types of ion trapping analyzers include
linear quadrupole ion traps (LQIT), Fourier transform ion cyclotron resonance (FT-ICR)
instruments, 3D quadrupole ion traps, and orbitrap mass spectrometers. Scanning mass
analyzers are quite different from trapping mass analyzers because they allow the flow of
a preselected beam of ions though the analyzer while others are deflected. The ion beam
is then manipulated in different parts of the instrument.1 Scanning analyzers include
time-of-flight (TOF), sector, and quadrupole mass analyzers.
Two different types of ion-trapping instruments were used in the experiments
described in this thesis: LQIT and FT-ICR mass spectrometers. Two Thermo Scientific
LQIT instruments were utilized during this research.2,3 In addition to a standalone LQIT,
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a LQIT coupled to a 7 T FT-ICR was employed.4 The FT-ICR was used solely as a high
resolution detector, all other ion manipulation were conducted in the LQIT.

Both

instruments were utilized to study molecular structures of various coal, petroleum, and
biomass pyrolysis samples by using fragment ions produced upon collisionally activated
dissociation (CAD).5 The development and utilization of methods for the analysis of
petroleum and coal samples was accomplished using an unmodified Thermo Scientific
LTQ equipped with an HPLC system. The same Thermo Scientific LTQ, with the
exception of an ionization chamber modified to allow for the insertion of various
pyrolysis adaptors, was used for the analysis of biomass fast pyrolysis products along
with their gas phase reactivity. Important fundamental aspects of these instruments and
the specific experimental setups employed for this research are discussed in the following
sections. It needs to be noted that all equations and parameters are based on S.I. units,
unless otherwise noted.

2.2 Ionization Methods
Many different ionization methods are utilized to produce ions in mass
spectrometry.

These methods include atmospheric pressure chemical ionization

(APCI),6,7 atmospheric pressure photoionization (APPI),8 electrospray ionization
(ESI),9,10 desorption electrospray ionization (DESI),11 direct analysis in real time
(DART),12 matrix-assisted laser desorption/ionization (MALDI),13 inductively coupled
plasma (ICP),14 fast atom bombardment (FAB),15 field desorption/field ionization
(FD/FI),16,17 laser desorption/ionization (LDI),18 electron ionization (EI),19 and chemical
ionization (CI).20

Each of the ionization methods mentioned has its own unique
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advantages and disadvantages. Only the methods unitized during the course of this
research will be discussed further.

2.2.1 Atmospheric Pressure Chemical Ionization (APCI)
APCI is considered a “soft” ionization technique since analytes seldom fragment
during ionization. APCI relies on a series of gas-phase ion-molecule reactions similar to
those occurring upon CI but at atmospheric pressure instead of in a vacuum.6,7,21 An
APCI source works by heating a dissolved analyte, that is infused into the source, to 300
°C - 500 °C with a nebulizer gas, often nitrogen. The heat combined with the nebulizer
gas causes the solution to nebulize i.e., to create a mist of fine droplets. When the mist
passes over the corona discharge needle, the needle ionizes the nebulizer gas (the most
abundant molecules present). The ionized nebulizer gas usually then ionizes solvent
molecules that ionize the analyte via ion-molecule reactions. A typical APCI reaction
cascade may proceed as follows when using water as the solvent:22
(1)

Corona Discharge Ionization of Nebulizer Gas:
N 2  e   N 2  2e 

(2)

Ionization of Solvent Molecules:
H 2 O  N 2  H 2 O   N 2

H 2 O  H 2 O   H 3 O   HO
(3)

Ionization of Analyte Molecules:

M  H 3 O   MH   H 2 O
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2.2.2 Electrospray Ionization (ESI)
ESI is considered a “soft” ionization technique but it does not require heating, like
APCI.23 Hence, ESI can be used to ionize thermally labile molecules. ESI often readily
forms multiply charged analyte ions, which enables the analysis of very large molecules,
such as biopolmers.9 Multiple charges per molecule reduces its mass-to- charge ratio,
allowing for it to be analyzed in mass analyzers with limited mass range such as LQITs.
Upon ESI, preformed ions are transferred from solution into the gas phase through a
stepwise process that starts when the analyte solution passes through a needle with a high
voltage (several kV) applied to it.24 As the solution passes though the needle, a fine spray
of droplets is formed, with each droplet containing multiple charges within it.23 As the
droplet moves towards the inlet of the mass spectrometer, the solvent within the droplet
keeps evaporating, causing the charges to move towards each other.23 Once the charges
are concentrated to the point that the electrostatic repulsion is stronger than the surface
tension of the droplet, known as the Rayleigh stability limit, the droplet explodes
producing smaller droplets. This repeats until gas-phase ions are released and analyzed
in the mass spectrometer.23 A diagram of this process is shown in Figure 2.1.
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Figure 2.1
Diagram depicting the ESI process (positive mode). The zoom on the
spray shows how gas-phase ions are formed from a droplet explosion due to Columbic
forces.

2.3 Linear Quadrupole Ion Trap (LQIT) Mass Spectrometry
The first reports of LQIT mass spectrometers appeared in 2002.2,3 Since then,
their popularity in academia and industry has increased rapidly.25

Many of the

fundamental principles of operation of LQITs are the same as for the well-known 3-D
quadrupole ion traps26,27 (QIT), but there are several distinct advantages of LQITs over
QITs. The trapping capacity and trapping efficiency of the LQITs are sixteen times and
six times higher, respectively, than that of QITs.2 These improvements in ion trapping
parameters result in an increased sensitivity, lowering the detection limit of LQITs as
much as fivefold when compared to similar QITs. The increased sensitivity also result in
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an enhancement in the resolution of mass spectra since ion scanning can be performed
lower (thus enhancing resolution) without as much sensitivity loss as in a QIT.2 The
improvements in ion trapping in LQITs have led to the creation of several hybrid
instruments, such as LQIT-Orbitrap,28 LQIT-TOF,29 and LQIT-FT-ICR,4 of which the
last one was used for high resolution experiments discussed in this thesis.

2.3.1 Instrumentation Overview
LQIT experiments were performed using a Thermo Scientific LTQ linear
quadrupole ion trap mass spectrometer (Figure 2.2) equipped with one of two
atmospheric pressure ionization sources, ESI or APCI.30 The mass analyzer chamber was
maintained at approximately 0.5 – 1.0 x 10-5 Torr by one inlet (400 L/s) of a Leybold
TW220/150/15S triple-inlet turbomolecular pump.

The two additional inlets, with

pumping efficiencies of 25 L/s and 300 L/s, of this turbo pump served to evacuate the
initial and intermediate sections of the vacuum chamber down to 500 mTorr and 1 mTorr,
respectively.

The turbo pump was backed by two Edwards E2M30 rotary-vane

mechanical pumps (10.8 L/s each), which also served to evacuate the capillary-skimmer
region of the instrument down to approximately 1 Torr.
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Figure 2.2
Schematic of the Thermo Scientific LTQ mass spectrometer (top view)
with typical operating pressures. Ions were introduced from the atmospheric pressure
ionization (API) source into the heated transfer capillary.

A schematic of the Thermo Scientific LTQ mass spectrometer is shown above in
Figure 2.2. Once ions were created in the API source, they were directed through the
heated transfer capillary, followed by a series of ion optics and a lens before being
injected into the mass analyzer. The mass analyzer consisted of four parallel hyperbolic
rods divided into three sections. A schematic of the mass analyzer can be seen in Figure
2.3. The front and rear sections of the mass analyzer were 12 mm long and the center
section 37 mm long. Two phases of a main radio frequency (RF) voltage (±5 kV, 1
MHz) were applied to the rod pairs (x pair and y pair) for radial trapping. Two phases of
a supplementary RF voltage (±80 V, 5-500 kHz) were applied to the x rods of the mass
analyzer for resonant ejection/excitation. Additionally, a direct current (DC) voltage
(±100 V) was applied to the three sections of the mass analyzer for axial trapping. The x
rods contained a 0.25 mm high and 30 mm wide slit in the center section so that ions
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could be ejected radially into two detection systems, both consisting of a conversion
dynode and electron multiplier.

Figure 2.3
The linear quadrupole ion trap mass analyzer of the Thermo Scientific
LTQ instrument (reproduced from Reference 2).

Sample solutions were introduced into the API source of the LQIT by either direct
infusion by using an integrated syringe drive or in the eluent of an HPLC system. A Dell
Optiplex workstation (Microsoft Windows XP operating system) running Xcalibur 2.1
software was used for instrumental control, data acquisition and data processing.
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2.3.2 Ion Motion
Ions were trapped in the LQIT by the use of RF potentials in the radial direction
and DC potentials in the axial direction. The ions’ motions resulting from these
potentials are discussed below.2,27,30,31

2.3.2.1 Radial Motion
In the LQIT, the forces that confine an ion in the radial (x - y plane) direction are
equivalent to those used in the quadrupole mass filter.27 A combination of RF and DC
voltages were applied to the four hyperbolic rods to produce the following potentials
(Φ0):
 0  (U  V cos t )

(2.1)

where U is the DC voltage, V is the zero-to-peak amplitude of the RF voltage, Ω is the
angular frequency of the main RF field, and t is time.

These potentials create a

quadrupolar electric field in the space between the four rods. When ions were injected
into the LQIT on the z-axis, they were subjected to the following forces in the x and y
directions as a result of the quadrupolar field:

d 2x
d
  ze
2
dx
dt

(2.2)

d2y
d
Fy  m 2   ze
dy
dt

(2.3)

Fx  m

in which

 ( x, y ) 

 0 (x 2  y 2 )
r02



(U  V cos t )( x 2  y 2 )
r02

(2.4)
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and m is the mass of the ion, e is an elementary charge, z is the number of charges of the
ion, and r0 is the radius of a circle inscribed within the quadrupole rods. Rearrangement
of these equations leads to the following equations of ion motion:

d 2 x 2 ze

(U  V cos t ) x  0
dt 2 mr02

(2.5)

d 2 y 2 ze

(U  V cos t ) y  0
dt 2 mr02

(2.6)

These equations are similar to the general form of the Mathieu equation,

d 2u
 (a u  2q u cos 2 )u  0
d 2

(2.7)

Thus, by performing a change of variables where



t
2

(2.8)

the equations of motion can be expressed in terms of the Mathieu equation:

au 

8 zeU
mr02  2

(2.9)

qu 

4 zeV
mr02  2

(2.10)

in which

a u  a x  a y

(2.11)

q u  q x  q y

(2.12)

The variables au and qu are known as the Mathieu stability parameters. For a given ion to
have a stable trajectory within the trap, the ions’ a and q values must fall within a stability
region of the Mathieu stability diagram (the most well-defined overlap region is shown in
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Figure 2.4). The LQIT is usually operated with au = 0 so that a broad range of ions can be
simultaneously trapped.

Figure 2.4
Most well defined region of the Mathieu stability diagram. Ions with a u
and qu that fall within the region with the dotted lines will have stable trajectories inside
of a quadrupole ion trap.
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The secular frequency of ion motion, ωu, within the LQIT can be calculated by
using the following equation:

1
2

u   u 

(2.13)

in which




1
2




 u   a u  q u2 

(2.14)

for qu < 0.4. The term βu is known as the Dehmelt approximation,27 and when 0 < βu < 1
for an ion, the ion will have a stable motion in the trap. Equation 2.14 shows that the
secular frequency of an ion will be equal to half of the RF angular frequency.
Each individual ion within the trapping field of the LQIT is in a pseudo-potential
well with a depth, Du, that can be described by

Du 

quV
4

(2.15)

Du is known as the Dehmelt pseudo potential well.27 Lower mass ions will have larger q
values and will exist in deeper pseudo-potential wells.31 Calculation of the depth of the
pseudo-potential well of an ion is important when determining a proper q value (RF
voltage) for resonant excitation or ejection of that ion.

2.3.2.2 Axial Motion
In the LQIT, ion motion is confined axially (in the z direction) by the application
of repulsive dc potentials to the front and back lenses and the front and back sections of
the mass analyzer,30 as shown in Figure 2.5. The DC voltages that are applied to the front
and back sections of the trap centralize the ions in the mass analyzer, effectively reducing
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fringe field effects that are created by the front and rear lenses.2 The centering of the ions
also allows for more efficient ion ejection through the slits in x rods of the mass analyzer
during mass analysis.2

Figure 2.5
Potential diagrams depicting DC voltages applied to the front lens, back
lens and three sections of the LQIT during (a) ion injection, (b) ion trapping, and (c) mass
analysis. The (b) to (c) transition involves the increase of DC potentials on the front and
back sections of the trap. This is done to better center the ions for ion ejection.
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Buffer gas plays a significant role in the efficient trapping of ions in a LQIT
(helium is the buffer gas used in Thermo Scientific LTQ's).32 The buffer gas is required
to lower the kinetic energies of ions though collisions as they enter the trap because the
ions gain a large amount of kinetic energy as they are transported into the trap. Ions with
low kinetic energies can then be trapped by the RF and DC fields and travel to the center
of the trap.2 The Thermo Scientific LTQ uses approximately 3 mTorr of helium within
the trapping region.2 This pressure is a compromise between a better ion trapping
efficiency and more efficient collision-activated dissociation (CAD) at higher helium
pressures and a better resolution at lower helium pressures.

2.3.3 Ion Ejection and Detection
As stated above, the LQIT is usually operated with a = 0; thus, mass analysis can
be achieved by ramping the RF voltage. Based on Eq. 2.10, as the RF voltage is
increased, ions of increasing m/z value will become unstable and be ejected from the trap
in the direction of instability as depicted in Figure 2.6. This is called mass selective axial
instability scan. In the original QITs this scan was performed by ejecting ions at the
stability limit where a = 0 and q = 0.908.32 To increase mass range, sensitivity and
resolution, LQITs use resonant ejection to eject ions at a lower q value.33 Resonant
ejection is achieved by applying a supplementary RF voltage to the x rods of the mass
analyzer. As the amplitude of the main RF voltage is increased during the scan, the
secular frequency of ions starts to resonate with the supplementary RF voltage. During
resonation, the ions gain energy from the supplementary RF field, which increases the
amplitude of their motion and eventually causes their ejection from the trap in the x
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direction. The Thermo Scientific LTQ mass spectrometer utilizes the mass selective
instability scan with resonant ejection at q = 0.880.2 Using mass selective instability with
resonant ejection also affords higher scan speeds while maintaining unit mass resolution.
This phenomenon also allows for an increase in resolution at lower scan rates.34

Figure 2.6
Illustrations of different forms of ion ejection in LQIT. (a) Ions trapped in
the LQIT. (b) Ion ejected at the stability limit by using the mass selective axial instability
scan and the resulting mass spectrum measured in a traditional LQIT. (c) Ion ejected via
resonance ejection by using the mass selective axial instability scan and the resulting
mass spectrum measured by a LQIT. By ejecting ions at a lower q value, the resolution
and mass range of the trap are increased.
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During the mass analysis scan, ions are ejected from the trap for detection. In the
Thermo Scientific LTQ, ions are ejected radially through slits in the x rods. The ions are
directed towards a conversion dynode that is held at -15 kV (for positive ions). As the
ions strike the conversion dynode, multiple secondary particles are generated that are
then sent into the electron multiplier for detection. Each particle from the conversion
dynode will strike the inside of the electron multiplier, which in turn generates a cascade
of secondary particles that, upon collision with the surface, generate even more particles.
This cascade greatly increases the signal for each ion. A great advantage of this type of a
detection scheme is that theoretically 100% of the ejected ions are detected, in contrast to
50% for a QIT,2,31 resulting in an instrument with twice the sensitivity. Figure 2.7
provides an illustration of the ion ejection and detection event for the Thermo Scientific
LTQ mass spectrometer.

Figure 2.7
LTQ.

Illustration of radial ejection and detection of ions in a Thermo Scientific
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2.3.4 Tandem Mass Spectrometry in LQIT
Multiple-stage tandem mass spectrometry (MSn) capabilities of the LQIT are one
of the features that make these instruments so powerful. 35 Tandem mass spectrometry in
the LQIT is a tandem-in-time experiment, meaning that all events of the experiment
occur within the same space and are separated by time. 36 For the research presented in
this thesis, collision-activated dissociation (CAD) was used for all MSn experiments.

2.3.4.1 Ion Isolation
During ion isolation, the ion of interest is first placed at the proper q value by
ramping the RF voltage. The ramping of the RF voltage also ejects ions of lower mass
than the desired ion.

A broadband waveform is then used to excite all remaining

unwanted ions. In the Thermo Scientific LTQ, resonant ejection is accomplished via the
application of a 5 – 500 kHz multi-frequency waveform with sine components spaced
every 0.5 kHz, with a notch at q = 0.83 (where the ion of interest resides).2 Under these
conditions, unit mass resolution for isolated ions can be achieved up to roughly m/z 1500.
Once the ion is isolated, the q value is usually reduced to 0.25 (this can be adjusted in the
Xcalibur software) for MS/MS experiments.
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Figure 2.8
Illustration of ion isolation and activation in the LQIT. (a) Ions trapped in
the LQIT. (b) The q value of the ion of interest (orange) is set to 0.83, resulting in lower
mass ions to become unstable and get ejected from the trap. (c) An isolation waveform is
applied to eject the remaining unwanted ions. (d) The q value of the desired ion is set to
0.25 in order to induce efficient fragmentation upon collision-activated dissociation while
maintaining high trapping efficiency for low mass fragment ions (purple).
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2.3.4.2 Collision-Activated Dissociation (CAD)
CAD within a LQIT is a slow heating process, wherein ions are subjected to many
low-energy collisions with the helium buffer gas over relatively long activation times.35
Once ions are isolated and stored, typically with a q value of 0.25 as described in section
2.3.4, the ions’ kinetic energy is increased using resonant excitation.37 This is achieved
using a supplementary RF voltage (generally with an amplitude < 1 V p-p) applied to the x
rods at the secular frequency of the ion for approximately 10 – 100 ms. This voltage is
referred to as a “tickle” voltage.
As the ion gains kinetic energy, it undergoes energetic collisions with the helium
buffer gas present in the trap. The collisions convert the ion’s kinetic energy to internal
energy, and once enough collisions have occurred and enough energy is built up within
the ion, the ion will dissociate. An important characteristic of resonant excitation in a
Thermo Scientific LQIT is that only the parent ion is excited, generally preventing the
further fragmentation of the fragment ions.
The q value used during CAD is a compromise between efficient activation of the
parent ion and efficient confinement of product ions. For efficient activation, the q value
should be chosen such that the ion gains maximum kinetic energy without being ejected
from the trap. However, higher q values prevent the trapping of low mass fragment ions.
The result of performing CAD at a q value of 0.25 is that activation is reasonably
efficient while only being able to trap fragment ions with a m/z value of approximately
25% or greater than that of the precursor ion. Thus, the CAD experiments in an LQIT
have a low mass cut-off for detection of fragment ions.
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Lately, new collision-activated dissociation methods have been developed to
avoid the low mass cut-off during CAD in a LQIT such as pulsed q collision-activated
dissociation(PqCAD).38 This methods utilizes a shorter activation time (100 μs), a larger
than normal q value (normally q > 0.6), and a higher amplitude RF voltage (roughly 1 - 2
V) than conventional CAD. Immediately after activation and before dissociation of the
precursor ion has occurred, the main RF supply voltage is quickly dropped to a low
value, lowering the q value as well, which allows lower mass fragment ions to be trapped.
The down side of using this fast excitation CAD method a reduction in the fragmentation
efficiency, which is likely from the precursor ion being accidently ejected because of the
large tickle voltages used to excite the ion.39

2.4 Liquid Chromatography-Mass Spectrometry (LC-MS)
Even

though

MSn

experiments

are

powerful

for

mixture

analysis,

chromatographic coupling is still often warranted to provide sample purification and/or
concentration, in addition to separation of components in very complex mixtures. With
the invention of atmospheric pressure ionization methods, such as ESI and APCI
discussed above, high-performance liquid chromatography (HPLC) coupled with MS has
become a important tool for structural elucidation of unknown analytes in complex
mixtures.40,41

Chromatographic separation using HPLC allows the separation and

concentration of mixture components much more efficiently and cost-effectively than
many conventional wet chemistry techniques. The coupling of HPLC with a highly
sensitive mass spectrometer, such as an LQIT, allows for the analysis of trace level
analytes in complex mixtures with no sample preparation.
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A Finnigan Surveyor HPLC system, consisting of an autosampler, thermostatted
column compartment, quaternary pump and photodiode array (PDA) detector was used
for chromatographic separation in this research. The analytes were separated by using a
reversed phase HPLC column (typically with C 18 or phenyl mobile phase) with a slightly
elevated column temperature (30 – 40 °C). The most commonly used mobile phases
consisted of an aqueous solvent (pure water or a buffer solution) and an organic solvent
(CH3CN or CH3OH). For each run, 25 μL of sample solution was loaded onto the
column. Separation was accomplished by using an HPLC flow rate of 300 - 500 μL/min
with various mobile phase gradients.

2.5 Fourier-Transform Ion Cyclotron Resonance (FT-ICR) Mass Spectrometry
Marshall and Comisarow first experimented with the concept of combining FT
with ICR in 1974, which led to the realization of the FT-ICR mass spectrometer as a
powerful analytical instrument.42

The FT-ICR mass spectrometer is known for its

ultrahigh resolution and high mass accuracy,43,44 making this instrument ideal for
analyzing very complex mixtures without chromatographic separation. To achieve the
highest performance of the FT-ICR, ultrahigh vacuum and a high magnetic field are
essential.45

2.5.1 Instrumentation Overview
FT-ICR experiments were performed in a Thermo Scientific 7-T LTQ-FT-ICR4
mass spectrometer equipped cylindrical cell mass analyzer. A schematic of the LTQ-FTICR instrument is shown in Figure 2.9. The cell of the instrument was pumped by a
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Pfeiffer TMU 262 turbo pump (210 L/s) to achieve a nominal baseline pressure of 2 x 10 10

Torr. The Pfeiffer TMU 262 turbo pump was backed by an intermediate state of a

Pfeiffer TMH 262 turbo pump which in turn was backed by a Pfeiffer DUO 2.5 rotaryvane mechanical pump. A Dell optiplex workstation (Microsoft Windows XP operating
system) running Xcalibur software was used to control the instrument as well as to
acquire and process data.

Figure 2.9

Schematic of the Thermo Scientific LTQ-FT-ICR mass spectrometer.

The cell of the instrument comprised of a segmented cylindrical cell illustrated in
Figure 2.10. The cell was used solely for the purpose of high resolution data collection,
all ion manipulation was conducted in the LQIT as described in Section 2.3. The three
segments of the cylindrical cell function like the three segments of the LQIT, with the
outer segments constraining the ions inside the middle section once they have entered.
The middle segment was split into four pieces, two for excitation and two for detection,
as shown in Figure 2.11.
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Figure 2.10 Diagram of the cylindrical cell present in the FT-ICR of a Thermo
Scientific LTQ-FT-ICR.

Figure 2.11 Frontal view of the center segments of a cylindrical ICR cell, showing
how it is sectioned into four plates.

30
2.5.2 Ion Motion
Ions confined in the cell of an FT-ICR mass spectrometer are subject to three
characteristic motions: cyclotron motion, trapping motion and magnetron motion. These
motions are discussed below.

2.5.2.1 Cyclotron Motion
An ion moving in a uniform magnetic field is subjected to a Lorentz force, FLorentz,

FLorentz  qv xy B

(2.16)

where q is the charge of the ion, vxy is its velocity in the x-y plane perpendicular to the
magnetic field, and B is the magnetic field strength. In addition to the Lorentz force, the
ion also is subjected to a centrifugal force, Fcentrifugal, that is directed outward due to the
ion’s momentum,
mv xy2

Fcentrifugal 

r

(2.17)

where m is the mass of the ion and r is the orbital radius of the ion. The balance of these
two forces, as shown in Figure 2.12, produces a stable ion trajectory,44
qv xy B 

mv xy2
r

(2.18)

Since frequency (ω) can be described as



v xy
r

(2.19)

equation 2.18 can be rearranged so that cyclotron frequency (ωc) can be defined as
follows,44
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c 

qB
m

(2.20)

Thus, the cyclotron frequency of the ion is dependent on only the charge of the ion, the
magnetic field strength, and the mass of the ion. For the 7 T instrument used in this
research, ICR frequencies range from a few kHz to a few MHz. Rearrangement of
Equation 2.18 also allows the calculation of the ion cyclotron radius, rc,44

rc 

mv xy
qB

(2.21)

Figure 2.12 Illustration of the cyclotron motion of a positive ion in a magnetic field.
The balance of the Lorentz force and centrifugal force acts to bend the ion motion into a
circle perpendicular to the magnetic field in the x-y plane.
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2.5.2.2 Trapping Motion
While the cyclotron motion of an ion confines it in the x and y directions, it is still
able to move freely in the z direction. In order to confine the ion in the z direction, a
small DC voltage (Vt) of the same polarity as the ion is applied to the trapping
segments.46 The center segment is held at ground. This set-up creates a potential well in
the center segment similar to that of the LQIT that prevents the ion from drifting out of it.
As a result of the voltages applied to the trapping segments, ions oscillate back and forth
within the center segment in a mass dependent fashion. The frequency of this trapping
motion, ωT, is given by:

T 

2qVT 
md 2

(2.22)

where VT is the trapping voltage, d is the distance between the trapping segments and α is
the cell geometry constant. The trapping frequencies are typically much lower than the
cyclotron frequencies, in the range of 10-103 Hz.

2.5.2.3 Magnetron Motion
A result of the DC potential used to trap ions in the z-direction is that a radial (in
the x-y plane) electric field is also generated that acts on the ions. The DC potential in
the x-y plane may be viewed as an inverted parabola with its maximum at the center of
the cell. This field generates an outward electric force that directly opposes the inward
Lorentz force produced by the magnetic field. This outward force causes the cyclotron
orbit of the ions to shift off the z axis and the ions to orbit within the cell with a larger
radius, called magnetron motion. The frequency of magnetron motion, ωm, is given47 by
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m 

2VT
d 2B

(2.23)

The magnetron frequency is independent of the mass of an ion, thus causing it not to be
useful for mass measurement.47

The magnetron frequency is much lower than the

cyclotron frequency, and does not cause interference with the signal detection and
processing. A diagram of an ion’s trajectory as a result of all three motions cyclotron,
trapping, and magnetron, is shown in Figure 2.13.
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Figure 2.13 Diagram of three main motions of an ion within an ICR cell. The
cyclotron orbit of the ion (green) confines it in the x and y directions as a result of the
Lorentz and centrifugal forces. The trapping motion causes this orbit to oscillate back
and forth (blue) in the z direction. Both motions are part of the ion motion on the larger
magnetron orbit (red) as a result of the combination of the magnetic and electric fields.
Note that the magnetron motion is greatly exaggerated in this figure for visual clarity.
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2.5.3 Ion Excitation For Detection and Ejection
Ions in a FT-ICR are detected based on the image current they produce due to
their coherent cyclotron motion near the detection plates. Without exciting the ions to a
larger cyclotron radius, they are too far from the detection plates to be detected.
Additionally, ions of the same m/z value do not move coherently as a packet. If the ions
do not orbit coherently their phases are random and hence their signal will average to
zero. By applying a dipolar RF excitation voltage sweep to the excitation plates in the
center segment of the cell, both requirements are met.44

All ions whose cyclotron

frequencies fall within the range of the frequencies of the excitation voltage sweep are
excited to a larger cyclotron orbit, rex, given by

Vex
rex 

1
Sweep Rate
2dB

(2.24)

where β is the azimuthal dipolar excitation scale factor for the ICR cell and V ex is the
peak-to-peak dipolar excitation voltage.48 The radius of the ions’ motions after excitation
is independent of the ions’ m/z value, thus all ions are excited to the same cyclotron
radius for detection. Continued excitation will excite ions to larger and larger cyclotron
orbits. If the excitation duration is too long, ions will collide with the plates and become
neutralized by the cell walls. For detection, ions are excited to move close to the plates
of the cell.
The ion packet generates an alternating current as it passes between the detection
plates, which is referred to as the image current.49 An illustration of ion excitation and
detection is shown in Figure 2.14. The frequency of the image current is the same as the
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ions’ cyclotron frequency, and the amplitude of the current is proportional to the number
of ions within the packet.49 The image current can be converted into a voltage difference
between the detection plates and detected as a function of time to generate a transient.
Using Fourier transformation, a frequency domain spectrum can be created from this
transient. Using equation 2.20, a mass spectrum can be generated from the frequency
domain spectrum.
For the experiments described in this thesis, a stored-waveform inverse Fourier
transform (SWIFT) pulse was used to both excite and eject ions from the cell. SWIFT is
an ion excitation method in which the excitation profile is determined in the frequency
domain, and then subjected to inverse Fourier transformation to create the time domain
waveform.50,51 This results in a well-defined excitation profile with good selectivity
helping with both ion isolation for MS/MS52 and ion ejection to enhance dynamic range
and reduce space charge.53 SWIFT technique was primarily used for ion excitation for
ejection to clean the cell in the research.
The ability to accurately measure the cyclotron frequency of ions gives FT-ICR
mass spectrometers the ability to obtain very high resolution.54 To increase the resolving
power of an FT-ICR, longer transients may be recorded or more cycles of the cyclotron
motion can be measured per a unit time. In order to record longer transients, high
vacuum is needed because ions collapse back towards the center of the cell when they
collide with neutral molecules or atoms. To measure more cycles of cyclotron motion, a
higher magnetic field is needed since cyclotron frequency increases linearly with
magnetic field strength.
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The detection method utilized by FT-ICR instruments is unique compared to other
detection methods used in mass spectrometry. The detection plates measure the image
current produced by the ion packets, allowing ions of a wide mass range to be detected
simultaneously.44 Furthermore, since the detection of image current is non-destructive,
ions can be continually excited and relaxed to remeasure the same sample multiple times
to improve the signal to noise ratio.55,56
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Figure 2.14 Diagram illustrating ion excitation and detection in the ICR cell. (a) Ions
are trapped in the ICR cell and have random direction and too small of cyclotron radii to
be detected. (b) Application of a broadband frequency sweep to the excitation plates
excites ions to larger cyclotron orbits and makes ions of same m/z-values to move
coherently as packets. (c) The ions pass by the detection plates and induce an image
current that is recorded as a time domain transient. The time domain transient is then
converted to a frequency spectrum by Fourier transformation, which in turn is converted
to a mass spectrum.
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2.6 Laser-Induced Acoustic Desorption (LIAD)
Seydel and Lindner in 1985 demonstrated that laser-induced acoustic waves could
be used as a desorption technique for mass spectrometry.57 They explored LIAD as a
desorption/ionization technique but found it to suffer from poor ionization efficiency.
Desorption of neutral molecules instead of ions was observed.58-60 Hence, these studies
showed that the acoustic waves were adequate for desorption of the surface molecules but
not for ionization. This discovery lead our laboratories to investigate using LIAD solely
as a desorption technique coupled to various post ionization methods.61 The decoupling
of desorption and ionization is advantageous since both steps of the experiment can be
optimized independently. Many commonly used desorption/ionization techniques, like
ESI and MALDI, suffer from the lack of control over the type of ions that can be formed,
that has led to a bias towards polar species for ESI and MALDI.23 Since LIAD is
decoupled from ionization, the ionization method can be tailored toward the analyte,
which has been demonstrated though these different combinations: LIAD-EI,61,62 LIADCI,63-65 LIAD-PI,66 and LIAD-ESI.67 These different methods have proven useful for the
analysis of various petroleum samples,62 biopolymers,68-70 as well as performing particle
counting.71,72

2.6.1 Generation of Acoustic Waves
LIAD uses the propagation of laser-induced shockwaves through a thin metal foil
to evaporate neutral molecules deposited on the other side of the foil. For the studies
presented in this thesis, LIAD was accomplished by firing frequency doubled (532 nm)
laser pulses (3 ns pulse width) with a Continuum Minilite II Nd:YAG laser onto the back
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side of the foil. The laser beam was focused onto the backside of the foil using a
focusing lens so that the surface area irradiated is approximately 10-3 cm2. The irradiation
of the backside of the foil generates acoustic waves that propagate through the foil to
desorb the analyte as shown in Figure 2.15. While the mechanism of the desorption is
not fully understood, the method has been shown to desorb neutral molecules with low
internal and kinetic energy.73,74 The laser beam causes ablation of the titanium foil,
resulting in the need for a sacrificial piece of glass to protect the high-vacuum fused silica
window attached to the LIAD probe. The glass is replaced after each experiment due to
the buildup of ablated metal on its surface. A digital picture showing the front and back
sides of a sample foil following the LIAD experiment is shown in Figure 2.16. The
current design allows for about 5% of the total surface of the foil to be used per
experiment.
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Figure 2.15 Diagram of the LIAD process.

42

Figure 2.16 Front and back sides of a titanium foil with asphaltenes deposited onto it
after it was used in a LIAD experiment. The circle on the back of the titanium foil
indicates where the laser beam hit the foil and caused desorption to occur on the front of
the foil where bare foil can be seen.

2.6.2 Metal Substrate
Work conducted early on utilizing LIAD found that acoustic wave generation
during the experiment depended highly on the thickness and type of foil used.57,58,61 Low
reflectivity, low thermal conductivity, and a high thermal expansion coefficient were
found to be the ideal characteristics for efficient production of the thermal wave in the
metal foil.75 Low reflectivity allows more of the laser energy to be absorbed, low thermal
conductivity prevents thermal degradation of the sample, and higher thermal expansion
coefficient will produce a stronger acoustic wave. Metals were determined to be the best
material in which to generate acoustic waves. Experiments showed that foils thicker than
20 μm were too think for the acoustic wave to penetrate through the foil, resulting in poor
desorption, but foils thinner than 5 μm resulted in thermal degradation of the sample.58,61
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Foils of approximately 10 μm thick were found to have the best desorption properties
while preventing thermal degradation of the sample.
Many different metals, including Ti, were examined in a characterization study to
determine which was best suited for LIAD experiments.66,76 Table 2.1 lists the different
metal experimented with. Of the many different metals, titanium was determined to be
the best substrate. All experiments utilizing LIAD described in this thesis were performed
with 12.7 μm thick titanium foils.

Table 2.1
Important properties77 of the metal foils that have been evaluated as
substrates for LIAD.

1
2

Metal

Thickness
(µm)

Thermal
Conductivity
(W cm-1 K-1)

Reflectivity
(at 532 nm)

12.5
10.0
10.0
12.5

Thermal
Expansion
Coefficient
(x 10-6 K-1)
18.8
23.1
14.2
16.5

Ag1
Al1
Au1,2
Cu1

4.29
2.37
3.17
4.01

0.81
0.91
0.81
0.62

Fe1
Mo2

12.5
12.5

11.8
4.8

0.802
1.38

0.57
0.58

Ni2
Ta2

12.5
12.5

13.4
6.3

0.907
0.575

0.61
0.37

Ti1

12.7

8.6

0.219

0.50

Ref. 77
Ref. 68
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2.6.3 Sample Preparation
Each LIAD experiment requires the analyte of interest to be deposited onto the
surface of a titanium foil. This was accomplished using either electrospray deposition
(ESD) or the dry drop method. An illustration of both ESD and the dry drop method is
shown in Figure 2.17. ESD uses many of the same principles as ESI in its function,
resulting in it requiring polar solvents and polar analytes to function properly.78,79 The
solution was infused through a high voltage needle using a syringe pump at flow rates
between 1 – 10 μL/min onto the foil. The needle was held at a high potential, around 6 –
8 kV, with a high voltage power supply. The titanium foil was placed directly beneath
the needle on a stage set to ground. To optimize sample coverage, the distance between
the needle and the stage was adjusted between 2 to 5 cm. The ESD method reproducibly
produces a uniform sample layer onto the titanium foil. Much of the research described
in this thesis was performed on nonpolar compounds; hence, the dry drop method had to
be used for sample deposition.
The dry drop method used for nonpolar analytes dissolved in nonpolar volatile
solvents is heat-assisted. Hence, the titanium foil was usually placed onto a hot plate, a
variant of a commonly used method for MALDI sample preparation.13 In the studies
presented in this thesis, carbon disulfide (CS2) was used to dissolve the analyte. A
pipette was used to deposit drops of the solution onto the titanium foil until the surface
was completely covered. During the sample deposition process, the foil was placed on a
hot plate heated at ~ 40 °C, causing the solvent to quickly evaporate and leaving a thin
film of the analyte deposited on the surface of the foil. Additional drops were added until
a sufficient amount of analyte was on the surface.
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Figure 2.17 Illustration of two LIAD sample deposition methods, (a) dried-drop
method and (b) electrospray deposition method.

2.6.4 LIAD Probes
Two different types of LIAD probes have been utilized to conduct LIAD
experiments in the Kenttämaa laboratories, the conventional, fiber LIAD probe that
utilizes a fiber optic to transport the laser light to the titanium foil and a high power,
fiberless probe using mirrors to reflect laser light that is to intense to use the fiber optic to
the back side of the foil. Both probes are described further below.

2.6.4.1 Fiber LIAD Probe
For the fiber LIAD probe, the light from a Nd:YAG laser (532 nm) is focused
onto a fiber optic cable that transports the beam through the probe to a set of 1:1 imaging
optics. These optics focus the laser beam onto the backside of the foil that is positioned
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at the end of the LIAD probe, resulting in the evaporation of the neutral analyte
molecules when the laser if fired.61 The fiber LIAD probe can use power densities from
5 x 108 W cm-2 up to 9 x 108 W cm-2 at the back of the titanium foil. If the power exceeds
9 x 108 W cm-2, the fiber optic becomes damaged and requires replacement. The power
densities able to be used with the fiber LIAD probe are insufficient to desorb heavy
petroleum samples which was to focus for the work presented in this thesis requiring the
use of the fiberless LIAD setup instead. Additional details on this setup can be found in
the literature.61,80

2.6.4.2 Fiberless LIAD Probe
To allow for the use of higher power densities than are allowed using fiber LIAD,
a fiberless LIAD probe was developed.81 Fiberless LIAD uses high energy reflective
kinematic mirrors to guide the laser beam through the LIAD probe onto the back of the
foil. To guide the beam off axis there is a pair of internal mirrors placed at the tip of the
probe. Once off axis, the beam is passed through a focusing lens onto the back of the
titanium foil held at the end of the probe. An illustration of the inner mirror assembly is
shown in Figure 2.18. Power densities up to 9 x 10 9 W cm-2 could be attained at the
backside of the foil. Both the fiber LIAD and fiberless LIAD probes have been coupled
to an LQIT using APCI.82 A diagram of fiberless LIAD coupled to an LQIT is shown in
Figure 2.19. Additional details on this setup can be found in the literature.81
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Figure 2.18 Schematic for the inner mirror assembly inside the tip of the fiberless
LIAD probe.

Figure 2.19 Illustration of the setup for coupling fiberless LIAD with a Thermo
Scientific LTQ.
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CHAPTER 3: ON-LINE MASS SPECTROMETRIC METHODS FOR THE
DETERMINATION OF THE PRIMARY PRODUCTS OF FAST PYROLYSIS OF
CARBOHYDRATES AND FOR THEIR GAS-PHASE MANIPULATION.

3.1 Introduction
With the diminishing petroleum resources along with various environmental
concerns regarding petroleum based energy, new sources of fuel are needed.1-3 Fast
pyrolysis, i.e., rapid heating of matter in the absence of oxygen, is thought to be a
potentially viable approach to produce fuels and other valuable chemicals from
lignocellulosic biomass.2-6 This is attributable to the ability of pyrolysis to cleave vast
polymers into smaller carbon containing molecules that retain most of the energy-rich
chemical bonds that were present in the polymer.7,8 Cellulose is the simplest and most
abundant polymer in biomass, consisting of up to thousands of dehydrated glucose
building blocks (molecular weight (MW) 162 Da) linked together via glycosidic bonds.4,9
Consequently, cellulose and related carbohydrates are a logical starting point for the
study of biomass pyrolysis.
Most current fast pyrolysis reactors produce bio-oils from carbohydrates that are
viscous liquids with several unfavorable properties that prevent them from being a viable
precursor to fuel production, including their tendency to degrade over time. 1,2,4,10-14 Biooils are very complex, oxygen-rich mixtures with roughly half the heating value of
gasoline that require catalytic upgrading.10,12 The upgrading process is greatly hindered
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by the complexity of bio-oils as well as their compositional dependence on the time and
temperature that the primary pyrolysis products experience within the pyrolysis
reactor.13,15,16 The first compounds that leave the surface of the pyroprobe ribbon (for the
experiments presented in this chapter) are considered here the primary products.
To better understand the reactor parameters that control the complexity of biooils, the primary products of carbohydrate pyrolysis need to be determined, along with
how those primary products react within a pyrolysis reactor. The fast pyrolysis reactors
that have been used to study carbohydrates normally have residence times that range
from hundreds of milliseconds up to several seconds. 17,18 Due to the length of these
reaction times and the process of condensing the products into a bio-oil, the final liquid
pyrolysis products no longer bear a resemblance to the primary products since they have
undergone secondary gas-phase and solution reactions.4,16,19
problem,

many

fast-pyrolysis

experiments

have

been

To help address this
coupled

with

gas

chromatography/mass spectrometry (GC/MS) to carry out on-line studies of primary
pyrolysis products.20-26 Based on these and other similar studies, levoglucosan is widely
believed to be the major primary product of cellulose fast pyrolysis although some
studies suggest formation of other small molecules in tandem with the formation of
levoglucosan.22,26-28 A serious limitation of the GC/MS approach is that it only allows
the determination of relatively volatile and thermally stable compounds. Carbohydrates
larger than a single monomeric unit (MW 162 Da) cannot be detected by GC/MS without
derivatization.11,27,29 A different on-line analysis method coupled with fast-pyrolysis with
is needed in order to be able to observe and study all of the primary products.
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To achieve the above goal, two fast pyrolysis/tandem mass spectrometry systems
were devised, one to measure the primary products of carbohydrate fast pyrolysis and
another one to study how changes in temperature and residence time change the extent of
secondary reactions of the primary products in order to simulate a pyrolysis reactor. The
results obtained using both systems for model compounds as well as cellobiose are
described below.

3.2 Experimental
Chemicals. Hydroxyacetone (technical grade, 90%), furfural (99%), 5hydroxymethylfurfural (99%), levoglucosan (99%), chloroform (ChromasolvPlus for
HPLC, ≥99.9% with amylene stabilizer), and glycolaldehyde dimer were purchased from
Sigma Aldrich.

Cellobiosan (>95%) and cellobiose (≥98%) were purchased from

Carbosynth, methanol (Optima LC/MS, ≥99.9%) was purchased from Fisher Scientific,
ammonium hydroxide (28-30% as NH3) was purchased from Mallinckrodt Chemicals,
cellotriosan (98%) was purchased from LC Scientific, and a compressed nitrogen
cylinder (≥99.9%) was purchased from Indiana Oxygen. All chemicals except for the
glycolaldehyde dimer were used without further modification. Glycolaldehyde dimer
was converted to monomers via dissolving in water and heating at 65°C for 10 minutes. 30
Instrumentation. Detection and characterization of cellobiose fast pyrolysis
products was performed using a Thermo Scientific LTQ linear quadrupole ion trap
(LQIT) mass spectrometer coupled with a Finnigan Surveyor Liquid Chromatograph
(LC). High resolution data to determine elemental compositions were collected using a 7
Tesla Thermo Scientific LTQ-FT-ICR. Solutions for direct injection experiments of
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model compounds were made at a concentration of 10 -5 M in 3 mL methanol : water (50 :
50 v/v) with either 200 μL of chloroform for negative ion mode chloride attachment or
200 μL ammonium hydroxide for positive ion mode ammonium attachment.

The

solutions were pumped into an APCI source via the APCI probe at a rate of 3 μL/min
with a solution of methanol : water (50 : 50 v/v) tee-infused from the LC at a rate of 100
μL/min. During pyrolysis experiments, either chloroform : methanol (50 : 50 v/v) or
ammonium hydroxide : water (50 : 50 v/v) solution was pumped into the APCI source via
the APCI probe at a rate of 10 μL/min with a solution of methanol : water (50 : 50 v/v)
tee-infused from the LC at a rate of 100 μL/min. The instrumental variables of the LQIT
were set to the following values for all experiments: discharge current 5.0 μA, vaporizer
temperature 300 °C, sheath gas (N2) flow 40 arbitrary units, auxiliary gas flow (N2) 10
arbitrary units, sweep gas flow (N2) 0 arbitrary units, capillary temperature 250 °C,
capillary voltage -1 V, and tube lens voltage -105 V. Collisionally activated dissociation
(CAD) experiments used an ion isolation window of ±2 Daltons (Da), with the
normalized collision energy ranging from 5 up to 30 arbitrary units and activation time
being 30 ms. Data collection and processing was carried out using Xcalibur 2.1 software.
All pyrolysis experiments were performed using a Pyroprobe 5200 purchased
from CDS Analytical. The pyroprobe uses a resistively heated platinum ribbon (2.1 mm
x 35 mm x 0.1 mm) with the ability to heat at rates up to 20,000 °C s -1. Based on
previous work in other laboratories, platinum is not acting as a catalyst during the
pyrolysis experiments.31,32 Roughly tens to hundreds of micrograms of sample were
loaded onto the platinum ribbon and held onto the surface via electrostatic attractions.
This method of loading of the ribbon resulted in a submonolayer of sample on its surface.
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This was done to ensure rapid and uniform heat transfer to all particles. The ribbon was
heated up to 600 °C at a rate of 1,000 °C s-1 resulting in a heating time of 0.6 s. The
pyroprobe was maintained at 600° for 1 s. This final temperature and rate of temperature
increase were selected due to minimal char formation (optical observation) under these
conditions.
The tip on the probe described above was inserted into the ionization chamber of
the LQIT through a home-built adaptor that was placed into the unused atmospheric
pressure photoionization (APPI) port.

This adaptor positioned the platinum ribbon

approximately 5 mm in front of and 5 mm below the skimmer cone/inlet of the LQIT. A
diagram of this setup is shown in Figure 3.1. Once pyrolysis occurred, the evaporated
products were immediately diluted via diffusion into the 2 L ionization chamber and
subsequently quenched via collisions with nitrogen gas (at about 100 oC), which
prevented secondary reactions. The products were ionized and characterized by highresolution multi-stage tandem mass spectrometry experiments.

For ammonium

attachment in positive ion mode, the average standard deviations of the product ions’
relative abundances were about 7%.

For chloride attachment in negative ion mode, the

average standard deviations of the product ions’ relative abundances were about 5%.
To explore the secondary reactions of the primary pyrolysis products, a homebuilt aluminum flow tube was constructed to prevent immediate quenching of the primary
products. The tip of the pyroprobe was placed in the end of the heated aluminum tube.
Preheated nitrogen gas was passed through the flow tube and over the platinum ribbon to
sweep the products though the flow tube and into the ionization zone of the LQIT where
they were quenched and ionized. A diagram of this setup is also shown in Figure 3.1. To
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adapt the instrument for the placement of the flow tube into the ionization area, the
window in the front door of the ionization chamber was replaced with a piece of ceramic
with a hole in the center that had the same diameter as the flow tube. The flow tube and
nitrogen gas were kept at the same temperature by using a temperature control system.
This configuration allowed the study of the effects of temperature and residence time on
the reactions of the primary products within the flow tube. The residence times were
estimated by determining the time it takes for the gas with a known flow rate to pass
through the flow tube with a known internal volume.

Figure 3.1.
A cut away diagram of the ionization chamber in front of the LQIT. The
pyroprobe (in blue) is shown in both the direct pyrolysis (left) orientation and within the
flow tube (right). The direction of gas flow is indicated by the dashed arrow.
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3.3 Results and Discussion
In order to develop methodology for the determination of the primary products of
fast pyrolysis of carbohydrates, and to examine their secondary reactions, two pyrolysis
probe setups were coupled with a LQIT. In the setup for analysis of the primary
pyrolysis products, the products from the pyroprobe were quenched and ionized by APCI
immediately after evaporation into the ion source, followed by analysis of the product
ions in the LQIT. In the other setup, the pyrolysis products were provided time in a flow
tube to undergo secondary and tertiary reactions before quenching and analysis of the
products.
Six model compounds commonly formed during carbohydrate pyrolysis, 9,33
glycolaldehyde, hydroxyacetone, furfural, 5-hydroxymethylfurfural, levoglucosan, and
cellobiosan, were examined to select an appropriate APCI method for the analysis of
pyrolysis products. Negative ion mode APCI doped with chloroform has been shown to
create chloride anions that readily attach to carbohydrates with nearly equal efficiencies
and without extensive fragmentation.34-37

Each of the six model compounds were

introduced individually into the APCI source by direct injection while using chloroform
dopant to test this methods ability to ionize pyrolysis products. The results obtained
using direct injection show that although this method formed stable chloride anion
adducts with no fragmentation for most compounds, it formed deprotonated
hydroxyacetone instead of a chloride anion adduct and did not ionize glycolaldehyde and
furfural.
Since negative ion mode chloride anion attachment was unable to ionize all of the
model compounds, a complementary ionization technique was tested.

Ammonium
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hydroxide dopant in positive ion mode chemical ionization and APCI is known to form
stable ammonium adducts with carbohydrate residues and to produce either protonated
molecules or molecular ions from related low molecular weight molecules.37-39 Each of
the six model compounds were individually introduced into the APCI source both via
direct injection and by vaporizing them off the heated pyrolysis probe while using
ammonium hydroxide dopant.

This approach was found to ionize all six model

compounds without fragmentation. However, the different analytes produced different
types of ions (ammonium adducts, molecular ions and/or protonated molecules) when
they were introduced via direct injection. When the compounds were evaporated from
the heated pyroprobe, on the other hand, the ammonium adducts dominated for most
model compounds. However, furfural, glycolaldehyde and 5-hydroxymethylfurfural still
formed more than one type of ion and hydroxyacetone only produced a molecular ion. It
is important to note that during heated pyroprobe introduction of glycolaldehyde, the
ionized dimer was observed for both ionization methods, indicating that the method that
was used to break down the glycolaldehyde dimer did not result in complete dissociation
or reassociation occurred on the pyroprobe as the solvent evaporated. This may be the
reason for the inability to observe glycolaldehyde in some of the experiments.
Finally, an equimolar mixture of all six model compounds (the concentration of
glycolaldehyde was not exactly known due to the incomplete conversion of its dimer to
glycolaldehyde) was injected into the ion source and analyzed by using both ionization
methods to determine whether the detection of some of the compounds may be hindered
by the presence of compounds with greater ionization efficiencies. The mass spectrum
obtained using positive ion mode with ammonium hydroxide dopant (Figure 3.2) shows
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that all six compounds can be observed if they are present in roughly equal proportions.
Interestingly, only 5-hydroxymethylfurfural produced more than one ion (it produced
two). The response factors of the compounds varied widely.
Chloride attachment APCI did not ionize glycolaldehyde, hydroxyacetone, and
furfural in the mixture introduced via direct injection or by the heated pyroprobe. 5Hydroxymethylfurfural, levoglucosan, and cellobiosan produced solely chloride anion
adducts. Levoglucosan and cellobiosan were evaporated and ionized with almost equal
efficiency (Figure 3.3). 5-Hydroxymethylfurfural yielded a very low signal due to its low
chloride anion affinity (it contains only one hydroxyl group).

Figure 3.2
An APCI/ammonium hydroxide positive ion mass spectrum of an
equimolar mixture of six model compounds introduced via direct injection (the molar
ratio of glycolaldehyde is estimated to be between 0-2 due to the unknown extent of
glycolaldehyde dimer breakdown). All model compounds were ionized but not equally
efficiently.
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Figure 3.3
An APCI/chloroform negative ion mass spectrum of an equimolar mixture
of six model compounds introduced via the heated pyroprobe (the molar ratio of
glycolaldehyde is estimated to be between 0-2 due to the unknown extent of
glycolaldehyde dimer breakdown). Three model compounds were not ionized.

Once it was realized that the ammonium hydroxide dopant method can be used to
ionize all six model compounds but not with equal response factors and that the
chloroform dopant method yields semi-quantitative information for carbohydrates but not
for smaller model compounds, both ionization methods were used to examine the primary
products of fast pyrolysis of cellobiose by using the direct pyrolysis setup described
previously. All but a few pyrolysis products were found to ionize by both methods
(Figure 3.4). All compounds larger than levoglucosan demonstrated 100% ammonium or
chloride attachment. Levoglucosan showed both adducts as well as protonated (positive
ion mode) and deprotonated molecules (negative ion mode). The compounds smaller
than levoglucosan did not show adducts but instead were either protonated (positive ion
mode) or deprotonated (negative ion mode).
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Several primary products were detected for fast pyrolysis of cellobiose (Figure
3.4). Their elemental compositions were determined by using high-resolution
experiments. Many of these products arise from losses of water (18 Da), formaldehyde
(30 Da) and glycolaldehyde (60 Da) in various combinations.

Although water,

formaldehyde and glycolaldehyde were not efficiently detected in these experiments,
their formation can be inferred from the reactions observed.

In addition to these

compounds, among the products observed, only levoglucosan (MW 162) and 5hydroxymethylfurfural (MW 126) have been reported in the literature as major final fast
pyrolysis products of cellobiose.22,26 This is not surprising since most previous studies
have employed GC-MS analysis. For example, the largest molecules observed in such
previous studies were levoglucosan and its isomers. 22,26 Therefore, it is not unexpected
that several products that had not been previously reported were observed to be present in
large quantities (Table 3.1), including glucose, cellobiosan and cellobiose that has lost
glycolaldehyde or an isomeric molecule. The most abundant product with an elemental
composition of C8H14O7 is likely to have the structure shown in Figure 3.4.

This

structure is proposed due to the similarity of the ionized molecule’s CAD mass spectrum
to that published for an authentic ion in a previous study. 40
Due to the semi-quantitative nature of the chloride attachment method, 35
approximate relative quantitation can be achieved for molecules with at least two
hydroxyl groups by considering the relative abundances of their chloride adducts (Table
3.1). The relative molar percent for the molecules that do not form chloride anion
adducts was estimated (Table 3.1) using relative ionization efficiencies for ammonium
cation attachment determined for model compounds under the same conditions as in
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pyrolysis experiments. Deprotonated 5-hydroxymethylfurfural (m/z 127; identified based
on the identical CAD mass spectra measured for the unknown ion and the deprotonated
authentic 5-hydroxymethylfurfural) is considered first.

Figure 3.4
Mass spectra of the primary products of fast pyrolysis of cellobiose
(C12H22O11) ionized using ammonium attachment in positive ion mode (top) and chloride
attachment in negative ion mode (bottom). All elemental compositions were determined
using high resolution data collected in a LQIT/FT-ICR. Ionized levoglucosan has m/z
values of 163 and 180 in the top spectrum and m/z values of 161 and 197 in the bottom
spectrum. All ions with m/z values lower than 170 correspond to protonated molecules
in the top spectrum and deprotonated molecules in the bottom spectrum, and hence have
m/z values that differ by two units. Protonated C 4H4O2 molecule (m/z 85) is only seen in
the top spectrum, while deprotonated C5H6O3 molecule (m/z 113) is only seen in the
bottom spectrum. Otherwise, the spectra show the same ionized molecules. The most
abundant product’s (C8H14O7) proposed structure is shown in the top spectrum.
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Based on the mass spectrum shown in Figure 3.2, the ionization efficiency of 5hydroxymethylfurfural is 75 ± 1 % of that of cellobiosan. To correct for this bias, the
relative abundance measured for 5-hydroxymethylfurfural formed in fast pyrolysis of
cellobiose and ionized by protonation upon ammonium APCI (ion of m/z 127; Figure 4,
top) was multiplied by 1.33, resulting in a corrected relative molar abundance of
15 ± 6 %. This corrected relative molar abundance of 5-hydroxymethylfurfural was then
divided by the relative abundance measured (using the same approach) for cellobiosan
formed in pyrolysis of cellobiose in order to get the molar ratio of these two pyrolysis
products: 0.3 ± 0.1 moles of 5-hydroxymethylfurfural for every mole of cellobiosan.
The molar ratio (0.3) was then correlated back to the molecules that could be ionized by
chloride attachment by multiplying it by the relative abundance measured by using
chloride attachment mass spectrometry for cellobiosan produced upon fast pyrolysis of
cellobiose (26 ± 3 % when taking into account the 37Cl isotope) to obtain a value 7 ± 3 %.
Hence, the approximate relative molar abundance of 5-hydroxymethyl furfural was found
to be 7 ± 3 % relative to the abundance of the ions of m/z 257 (most abundant ions in the
bottom spectrum in Figure 3.4).
Based on their measured elemental compositions, the ions of m/z 145 and m/z 85
(Figure 3.4, top), derived from molecules formed upon fast pyrolysis of cellobiose and
ionized by ammonium attachment, are furan derivatives. The ionization efficiencies of
these molecules were assumed to be the same as for 5-hydroxymethylfurfural and their
measured relative abundances were corrected in the same way as that of 5hydroxymethylfurfural. The relative abundances of the deprotonated molecules of m/z
161 and 113 (negative ion mode) are not included in Table 3.1. The former is an isomer
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of levoglucosan (that does not form a chloride adduct like levoglucosan), not a furan
derivative, and neither one is a chloride adduct; hence, it is not possible at this time to
reasonably estimate their ionization efficiencies. The approximate relative abundances of
the most abundant primary products of fast pyrolysis of cellobiose are listed in Table 3.1.

Table 3.1
Approximated average relative molar abundances of the primary products
of fast pyrolysis of cellobiose normalized to the most abundant product (with standard
deviations based on three experiments).
MW
84
114
126
144
162 (no adduct
formation)
162
180
222
252
264
282
324
342

Elemental
Composition
C4H4O2
C5H6O3
C6H6O3
C6H8O4
C6H10O5

Average Relative Molar
Abundance (%)
8±7
Not Estimated
7±3
13 ± 9
Not Estimated

C6H10O5
C6H12O6
C8H14O7
C9H16O8
C10H16O8
C10H18O9
C12H20O10
C12H22O11

10 ± 4
70 ± 9
100 ± 0
11 ± 3
17 ± 4
61 ± 19
20 ± 3
34 ± 6

In order to determine the types of secondary reactions that may be expected for
the primary fast pyrolysis products of cellobiose, it was pyrolyzed inside the flow tube
(depicted in Figure 3.1). The primary products of cellobiose were allowed to react for 2 s
and 11 s at two different temperatures (300 ˚C and 400 ˚C). Similar product distributions
were measured using both ionization methods.

Hence, only results obtained using
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positive ion mode ionization are discussed below. Figure 3.5 shows that most of the
primary fast pyrolysis products of cellobiose react away, ultimately producing anhydrooligosaccharides up to cellopentosan or an isomer under the conditions used. The ability
of anhydrosugars to polymerize is not a new phenomenon. 41-45 The most abundant
primary product of cellobiose with the elemental composition C 8H14O7 (its ammonium
adduct has the m/z value of 240) reacts away rapidly. Hence, it is not unexpected that
this product has not been reported in the literature. These findings demonstrate that a
method other than GC/MS is needed to detect many of the products formed upon
reactions of the primary pyrolysis products of cellobiose (and other carbohydrates).
These results also suggest that the larger anhydro-oligosaccharides (cellotetrosan,
cellopentosan, etc., or their isomers) that have been detected in bio-oils via HPLC
analysis are likely, in part, to be formed via polymerization reactions of the primary fast
pyrolysis products as opposed to incomplete breakdown of the pyrolyzed carbohydrate. 29
This hypothesis was confirmed by measuring CAD mass spectra for selected fragment
ions of authentic cellotriosan (MW 486 Da) after ionization by chloride attachment.
These CAD mass spectra were compared to those measured for the analogous fragment
ions of the unknown trimer pyrolysis product formed from cellobiose within the flow
tube (m/z 521; Figure 5). The MS2 mass spectra of the chloride attached cellotriosan and
unknown trimer (m/z 521) display solely HCl loss resulting in fragment ions of m/z 485.
The ions of m/z 485 correspond to the deprotonated cellotriosan and unknown trimer
molecules. They were isolated and subjected to further CAD to obtain the mass spectra
presented in Figure 3.6, left. The deprotonated trimer produced several fragment ions of
various m/z values that are not produced during the CAD of authentic deprotonated
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cellotriosan (i.e., ions of m/z 467, 365, and 347) but both produced an abundant fragment
ion of m/z 323 corresponding to the loss of a molecule with a MW of 162 Da. The
fragment ions of m/z 323 were isolated and subjected to CAD to produce the spectra in
Figure 3.6, right. Several new fragment ions were produced upon CAD of ions of m/z of
323 formed from the unknown trimer compared to those produced from authentic
cellotriosan (i.e., ions of m/z 305, 275, and 203). From the CAD mass spectra presented
in Figure 3.6, the unknown trimer is concluded to be a mixture of isomers, including
cellotriosan.

Figure 3.5
Mass spectra collected after the primary products of fast pyrolysis of
cellobiose were allowed to undergo reactions for 2 s at 300 oC (top), 2s at 400 oC
(middle) and 11 s at 400 oC (bottom) and ionized using ammonium attachment in positive
ion mode. All elemental compositions were determined using high resolution data
collected in an LQIT/FT-ICR. All ions with m/z values lower than 170 correspond to
protonated molecules.
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Figure 3.6
CAD mass spectra measured for authentic cellotriosan ionized via chloride
attachment in negative ion mode and the unknown trimer (ionized in the same manner)
formed upon pyrolysis of cellobiose in the flow tube. The chloride attached cellotriosan
and trimer (m/z 521) were isolated and subjected to CAD which resulted in HCl loss,
forming fragment ions of m/z 485, corresponding to the deprotonated molecules of
cellotriosan and the unknown trimer. These deprotonated molecules were subjected to
CAD to obtain the mass spectra shown top left and bottom left, respectively. Both ions
produced an abundant fragment ion corresponding to the loss of a molecule with MW
162 Da to yield an ion of m/z 323. The fragment ions of m/z 323 were isolated and
subjected to CAD to produce the mass spectra shown top right and bottom right,
respectively.

3.4 Conclusions
Two fast pyrolysis/tandem mass spectrometry systems were devised, one to
determine the primary products of fast pyrolysis of carbohydrates and another one to
study how changes in temperature and residence time change the extent of secondary
reactions of the primary products in order to simulate a pyrolysis reactor.

Two

complementary ionization methods were chosen to detect the pyrolysis products: APCI
doped with chloroform in the negative ion mode and APCI doped with ammonium
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hydroxide in the positive ion mode. Examination of an equimolar mixture of six model
compounds commonly produced during carbohydrate pyrolysis (glycolaldehyde,
hydroxyacetone, furfural, 5-hydroxymethylfurfural, levoglucosan, and cellobiosan)
demonstrated that the positive ion mode APCI doped with ammonium hydroxide allows
the detection of all these compounds but they do not have equal response factors. On the
other hand, examination of the same mixture by using the negative ion mode APCI
method revealed roughly equal ionization efficiency for compounds with at least two
hydroxyl groups, consistent with previous studies for this method. 35

Hence, this

ionization method allows semiquantitative analysis of carbohydrates produced during
pyrolysis of oligosaccharides. However, this method cannot be used to detect pyrolysis
products with fewer than two hydroxyl groups. A rough estimate of the relative molar
abundances of the pyrolysis products that did not form chloride anion adducts was
obtained using ionization efficiencies of model compounds determined using ammonium
attachment in positive ion mode or chloride attachment in negative ion mode.
The fast pyrolysis/MS systems described above were used to examine fast
pyrolysis of cellobiose.

The primary fast pyrolysis products of cellobiose were

determined to consist of only a handful of compounds that quickly polymerize to form
anhydro-oligosaccharides when allowed to react at high temperatures for an extended
period of time. The primary and secondary fast pyrolysis products of cellobiose include
compounds that cannot be detected using GC/MS analysis that was employed in many
previous studies.26 These findings demonstrate that a method other than GC/MS is
necessary to detect the primary, secondary and possibly also final products of fast
pyrolysis of carbohydrates. Further, the results suggest that the complexity of bio-oils
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arises, in part, from a variety of polymerization reactions of the primary pyrolysis
products. Comparison of the CAD mass spectra measured for authentic deprotonated
cellotriosan and the deprotonated unknown trimer formed in flow tube pyrolysis of
cellobiose suggests that along with the formation of cellotriosan, other isomers are also
formed in the flow tube, likely due to polymerization of the primary products. Hence, the
use of residence times that are as short as possible should allow the generation of a biooil with a simple molecular composition from carbohydrates, including cellulose.
Finally, the pyrolysis/MS methods developed here require only micrograms of sample
and provide a fast approach for the examination of the influence of pyrolysis conditions
and different feedstocks on the primary and secondary pyrolysis products of
carbohydrates.
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CHAPTER 4: COMPARISON OF MOLECULES' STRUCTURES IN COAL AND
PETROLEUM ASPHALTENES BY USING MASS SPECTROMETRY

4.1 Introduction
Asphaltenes are the heaviest fraction of crude oil and are defined as the fraction
that is soluble in toluene and insoluble in n-heptane.1-3 Most of the compounds present in
asphaltenes are believed to be aromatic in nature but their exact structures are still
unknown. Asphaltenes present major problems in crude oil transportation and refining,
which are getting worse as heavier crude oil reserves are being utilized due to the worldwide depletion of the lighter crude oil reserves.3-10 The problems caused by asphaltenes
increase the production cost of crude oil.4,5 A better understanding of asphaltenes is
needed in order to solve these problems. To date, the molecular weight distribution of
asphaltenes is still debated11-14 and only limited work has been carried out to determine
the structures of asphaltene molecules.15-18

Once the understanding of asphaltenes’

molecular structures has been substantially improved, methods may be developed for
reducing or eliminating the problems they cause and for converting them into useful
compounds.19
Asphaltenes are believed to be comprised of island and/or archipelago type
molecules.1 Island type molecules consist of a single aromatic core made up of several
fused aromatic rings with alkyl chains branching from that core.1 Archipelago type
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molecules contain several smaller aromatic cores that are connected by alkyl bridges, and
that have alkyl chains branching from the cores.1 Many experiments, ranging from time
resolved fluorescence depolarization, Taylor dispersion diffusion, and NMR pulsed field
gradient measurements, have indicated that asphaltenes mainly consist of island type
molecules.3,20-23 However, some studies, such as using NMR with average structural
parameter calculations and thermal cracking, have provided evidence in support of the
presence of a small amount of archipelago type molecules in asphaltenes, as well.24,25
We recently published a study that compared the fragmentation patters produced by
collisionally-activated dissociation (CAD) of ionized asphaltenes with those of ionized
model compounds that concluded that island like molecules dominate. No evidence was
found in support of the existence of archipelago type molecules.16
One of the approaches that some research groups have attempted to address the
lack of knowledge of asphaltenes’ molecular structures is comparing chemical and
physical properties of coal and petroleum asphaltenes. The molecular weight distribution
(MWD) for coal asphaltenes has been determined to be much smaller, about half, of that
of petroleum asphaltenes.19,26,27 Since fewer isomers and isobars are possible at lower
molecular weights, the likelihood of determining molecular structures for coal
asphaltenes is much higher than for petroleum asphaltenes. 22
For this study, coal and petroleum asphaltene samples were analyzed with tandem
mass spectrometry experiments utilizing CAD were carried out using a Thermo Scientific
linear quadrupole ion trap (LQIT) and a LQIT coupled with an FT-ICR.

Several

molecular ions with varying m/z values derived from the coal and petroleum asphaltenes
were isolated and fragmented to probe their structural characteristics. Comparison of their
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fragmentation pathways yielded information about the differences in the molecular
structures of coal and petroleum asphaltenes.
Asphaltenes are very challenging to analyze using mass spectrometry.19
Asphaltenes are predisposed to degrade and aggregate when they are introduced into the
gas phase.28 Once in the gas phase, the ability to ionize a mixture as complex as
asphaltenes is a problem when using ionization methods such as electrospray ionization
(ESI) and matrix assisted laser desorption/ionization (MALDI) due to the fact that both
methods preferentially ionize polar molecules.29 For the study presented in this chapter,
atmospheric pressure chemical ionization (APCI) was used because it has less of an
ionization bias and has been shown to be an appropriate method for petroleum analysis. 30
Carbon disulfide was used as the solvent to dissolve and ionize the asphaltenes with
APCI.

This approach has been shown to produce only stable molecular ions for

asphaltene model compounds.31

4.2 Experimental
Chemicals. The petroleum asphaltene sample originated from a Russian oil field
and was obtained by heptane precipitation. The coal asphaltenes were kindly donated by
Dr. Oliver Mullins. The coal asphaltenes had been extracted from coal that originated
from Tanito Harum, Indonesia. The coal liquefaction and asphaltene extraction method
has been previously described in the literature.21 Carbon disulfide (>99.9%) and heptanes
(99+%) were purchased from Sigma Aldrich (St. Louis, MO) and used without further
purification. Both asphaltenes samples were sonicated for one hour in n-heptanes and
centrifuged to remove any remaining maltene content.
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Instrumentation. A Thermo Scientific LTQ linear quadrupole ion trap (LQIT) and
a LQIT coupled to a 7 Tesla Fourier transform - ion cyclotron resonance (FT-ICR) mass
spectrometer were used for mass spectrometric analyses. The asphaltenes were dissolved
in carbon disulfide at a concentration of 0.5 g/mL and then introduced into the APCI
source via direct infusion from a Hamilton 500 μL syringe through the instrument’s
syringe pump at a rate of 20 µL per minute. The APCI source was set at 300°C. Several
ions were isolated and subjected to collisionally activated dissociation (CAD). The
isolation window used was either 0.3 or 2 m/z-units (selected m/z value ± 1) and a CAD
energy of 35 arbitrary units was used. Both were controlled by the LTQ software. The
LQIT-FT-ICR instrument was used to determine the elemental compositions of
interesting ions, utilizing the accurate mass measurement capability of the FT-ICR.

4.3 Results and Discussion
Presented here is a study that compares asphaltenes derived from liquefied coal to
those derived from petroleum. The asphaltenes were dissolved in carbon disulfide and
ionized via positive mode APCI to produce stable molecular ions (M+•). The full (MS1)
mass spectra measured for these ions yielded information about the samples MWDs. The
CAD (MS2) mass spectra measured for the isolated ions yielded information about the
molecular structures of the compounds present in the samples. The average molecular
weight (MW) of both samples was derived from the MWDs by using Equation 4.1 and
the values are given in Table 4.1.
(4.1)
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One of the structural features that was examined was the approximate minimum
combined length of the alkyl chains branching from the aromatic core. The minimum
combined length of the alkyl chains was experimentally determined by isolating several
molecular ions of different m/z values, subjecting them to CAD and determine the
number of carbon atoms lost, until the corresponding fragment ions’ abundance was
below two percent (arbitrarily chosen) relative to the abundance of the most abundant
ion, as described previously.16 The same fragment ions that were used to determine the
minimum combined length of the alkyl chains were used to determine the molecule’s
core size (methylene functional groups possibly left onto the core after benzylic
cleavages of the alkyl chains were included in this estimate).

An example of both

calculations is illustrated in Figure 4.1 for a model compound. The calculation of the
number of fused rings that comprise the core is a rough estimate as it does not take into
account the presence of heteroatoms and the exact number of methylene groups left on
the core is unknown, but these factors should not change the final results to a significant
degree. The accuracy of these conclusions are still being investigated and are only used
here for comparison purposes because of the lack of adequate model compounds that
accurately duplicate the CAD mass spectra collected for asphaltenes.
The last structural feature considered was the approximate relative heteroaromatic
sulfur content in the samples. A rough estimate of the amount of heteroaromatic sulfur
present in the ions was obtained from the abundance of the fragment ions formed by the
loss of hydrogen sulfide (34 Da) relative to that of the most abundant fragment ion in the
CAD mass spectrum. High resolution experiments confirmed this assignment (exact
mass measurement: 33.96236 Da). This conclusion is also supported by preliminary
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results using model compounds with sulfur containing heteroaromatic rings that showed
hydrogen sulfide loss upon CAD in a LQIT.16

Figure 4.1
CAD mass spectrum measured for 1-butyl-3-propylnaphthalene molecular
ion of m/z 226 generated by APCI/CS2. An approximation of the minimum total number
of carbons in all alkyl chains and the core size is obtained from the smallest fragment ion
of m/z 141 (resulting from the loss of propene from the ion of m/z 183 formed by the loss
of a propyl radical from the molecular ion), revealing the presence of at least six carbon
atoms in all alkyl chains and two fused rings in the core (with an attached methylene
group).

Figure 4.2, below, displays a direct comparison of the MWD measured for the
coal and petroleum asphaltene samples. The observed MWD for coal asphaltenes ranges
from 200 up to 800 Daltons (Da) with a weighted MW average of 443 ± 33 Da, whereas
the MWD for the petroleum asphaltenes ranges from 275 up to 1500 Da with a weighted
MW average of 708 ± 14 Da. These data are in good agreement with previous studies
that were conducted on coal and petroleum asphaltenes by using different methods.19
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Figure 4.2
APCI/CS2 mass spectra of coal asphaltenes (top) and petroleum
asphaltenes (bottom).

The hydrogen to carbon ratios measured using other experimental methods (87-91
wt% carbon : 5-7 wt% hydrogen in coal asphaltenes and 79-82 wt% carbon : 7-8 wt%
hydrogen in petroleum asphaltenes) suggest that a larger number of carbons is present in
the aromatic core than in the alkyl chains in coal asphaltenes when compared to
petroleum asphaltenes.22,32 To experimentally compare the relative aromaticity of the
molecules present in the coal and petroleum asphaltenes, CAD was conducted on many
molecular ions derived from both samples. A relatively wide (2 m/z-units) window was
used during the isolation event for the MS/MS experiments due to poor signal intensity
resulting from the extreme complexity of the mixture. High resolution data collected
both in our laboratory and in others have found that this 2 m/z window may contain
between five and fifteen abundant isobaric ions, all of which may contribute to the CAD
mass spectrum.33 Hence, a narrower isolation window of 0.3 Da was used in some cases
to help reduce the effects of the additional ions. However, the main fragment ions and
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fragmentation patterns were found to be independent of the size of the isolation window,
as shown in Figure 4.3.
Typical CAD mass spectra for ions of m/z 677 ± 1 Da derived from coal and
petroleum asphaltenes are shown in Figure 4.4. These CAD mass spectra are similar to
ones measured previously for petroleum asphaltenes, depicting steadily decreasing
abundances for fragment ions formed by the loss of larger alkyl radicals from the
aromatic core.16,24 High resolution data, like the one shown in Figure 4.5, was conducted
to positively identify the fragments as alkyl radicals.
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Figure 4.3
The top two mass spectra show the isolation of ions of m/z 515 from
petroleum asphaltenes by using a 2 Da (top) and a 0.3 Da (bottom) isolation window.
The bottom two mass spectra show CAD products measured in the LQIT for the isolated
ions using a 2 Da (top) and a 0.3 Da (bottom) isolation window.
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Figure 4.4
CAD mass spectra measured for ions of m/z 677 ± 1 derived from coal
asphaltenes (top) and petroleum asphaltenes (bottom). The total number of carbons in the
side chains and likely core sizes were estimated as described in text.

Figure 4.5
A high-resolution CAD mass spectrum measured for ions of m/z 606.20 +
0.15 derived from petroleum asphaltenes.
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The fragmentation patterns shown in Figure 4.4 are currently thought to be the
result of the fragmentation of ionized island type molecules. Ionized archipelago type
molecules are expected to undergo facile losses of large highly aromatic neutral
molecules, based on studies conducted with asphaltenes model compounds. 16 When
looking at Figure 4.4, it can be noted that the most favored neutral fragments correspond
to a series of alkyl radicals ranging from methyl up to an alkyl radical 19 carbons in
length. This series of alkyl radicals cannot be lost from an ion of m/z 677 due to its small
size and hence are likely formed from a mixture of isomers and/or isobars containing
alkyl chains of various lengths. The decay in the abundance of ions formed upon alkyl
radical losses, with ions corresponding to short alkyl losses being higher in abundance,
suggests that shorter alkyl groups are much more prominent in asphaltenes molecules
than longer alkyl groups. Based on Figure 4.4, the ions of m/z 677 ± 1 derived from coal
asphaltenes appear to contain a total number of at least 5 carbons in side chains with a
core size of about 12 fused aromatic rings. On the other hand, the ions derived from
petroleum asphaltenes have a total of at least 19 carbons in side chains with a core of
about 8 aromatic rings. These core sizes are larger than previously reported.22,26,34 The
reason for this is still being investigated. The results for ions of m/z 677 ± 1, along with
the other ions studied, are

displayed in Table 4.1. These results suggest that coal

asphaltenes contain a much higher aromatic carbon to alkane carbon ratio than petroleum
asphaltenes. The CAD mass spectra measured for ions with several m/z values suggest
that the total number of carbons in all side chains in coal and petroleum asphaltenes range
from at least 3 up to 6 carbons and at least 6 up to 35 carbons, respectively.
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While the above results are true for ionized asphaltenes of both types when
comparing similar m/z values, the data presented in Table 4.1 show that this is not true
when comparing the most abundant molecules of each type (roughly, ions of m/z 440 for
coal and ions of m/z 710 for petroleum asphaltenes). The comparison of the data for ions
of m/z 456 for coal and m/z 704 for petroleum asphaltenes indicates that the typical
petroleum and coal asphaltenes have a similarly sized polyaromatic core of about eight
fused rings. However, the coal asphaltenes only have about four carbons making up its
alkyl chains while the petroleum asphaltenes have up to twenty two carbons in their alkyl
chains.
CAD mass spectra of ions derived from asphaltenes also yield a very rough
estimate for their relative heteroaromatic sulfur content. Preliminary heteroaromatic
model compound data indicate that heteroaromatic sulfur atoms can be lost as neutral
hydrogen sulfide (MW 34 Da) when the ionized model compounds are subjected to
CAD.16 Some ions derived from asphaltenes lose a neutral molecule with MW of 34 Da
upon CAD, as well. High-resolution spectra, similar to the one shown in Figure 4.5, were
carried out to verify that this loss corresponds to H2S. Table 4.1 lists the relative
abundances of fragment ions formed upon this loss for several molecular ions of different
m/z values. Based on the fragment ions’ relative abundances, a rough estimate for the
relative heteroaromatic sulfur content may be obtained. Figure 4.6 shows the CAD mass
spectra of molecular ions of m/z values near the center of the MWD for both coal and
petroleum asphaltenes to illustrate the differences in the relative abundances of the
fragment ions resulting from the loss of hydrogen sulfide.
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Figure 4.6
CAD mass spectra of ions of m/z 418 ± 1 derived from coal asphaltenes
(top) and ions of m/z 704 ± 1 derived from petroleum asphaltenes (bottom) with a zoom
window on the fragment ions formed upon loss of hydrogen sulfide, with their relative
abundance compared to the most abundant fragment ion.

Based on the results presented in Figure 4.6, the relative heteroaromatic sulfur
content is higher in petroleum asphaltenes than in coal asphaltenes. Table 4.1 shows that
this is true for ions with a variety of different m/z values. Even though the nature of the
hydrogen sulfide loss is not completely understood, these findings are in agreement with
previously measured bulk elemental compositions of coal and petroleum asphaltenes
(0.1-1 wt% sulfur in coal asphaltenes and 7-9 wt% sulfur petroleum asphaltenes),
providing some support for this technique’s ability to compare relative heteroaromatic
sulfur content.22,32
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Table 4.1
Molecular weight distributions (MWD) and average molecular weights
(AVG MW) determined for molecules in coal and petroleum asphaltenes, as well as the
estimated minimum total number of carbon atoms in all side chains, estimated core sizes,
and relative abundances of the ions produced by neutral hydrogen sulfide loss, given for
ions with selected m/z values. The differences between the petroleum and coal samples
(petroleum – coal) are given in the last column.
Coal

Petroleum

Difference
(Petroleum – Coal)

MWD

200 Da - 800 Da

275 Da - 1450 Da

--

AVG MW

443 ± 33 Da

708 ± 14 Da

265 Da

Ion of m/z 220
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

3
3

---

---

0

--

--

Ion of m/z 285
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

4
4

---

---

1

--

--

Ion of m/z 325
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

4
5

---

---

0

--

--

Ion of m/z 360
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

5
6

5
6

0
0

1

1

0

Ion of m/z 418
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

4
7

6
6

2
-1

0

1

1

Ion of m/z 456
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

4
8

8
7

4
-1

1

2

1
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Table 4.1, continued
Coal

Petroleum

Difference
(Petroleum – Coal)

Ion of m/z 490
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

5
8

11
6

6
-2

1

2

1

Ion of m/z 515
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

5
9

10
7

5
-2

1

2

1

Ion of m/z 530
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

5
9

12
7

7
-2

1

2

1

Ion of m/z 606
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

5
10

17
7

12
-3

1

4

3

Ion of m/z 647
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

5
11

17
8

12
-3

1

5

4

Ion of m/z 677
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

5
12

19
8

14
-4

1

6

5

Ion of m/z 688
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

6
12

22
7

16
-5

1

6

5

Ion of m/z 704
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

6
12

22
8

16
-4

1

7

6
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Table 4.1, continued
Coal

Petroleum

Difference
(Petroleum – Coal)

Ion of m/z 736
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

5
13

17
10

12
-3

1

10

9

Ion of m/z 780
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

---

25
8

---

--

9

--

Ion of m/z 810
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

---

26
9

---

--

10

--

Ion of m/z 850
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

---

27
9

---

--

11

--

Ion of m/z 875
Carbons in Side Chains
Estimated Core Size
Relative Percent Hydrogen
Sulfide Loss

---

35
7

---

--

23

--
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Figure 4.7
Graph illustrating the differences (petroleum – coal) between the coal
asphaltenes and the petroleum asphaltenes as a function of their molecular size: relative
abundances of ions produced from hydrogen sulfide loss, the estimated minimum total
number of carbons in all side chains, and the approximate core size.

The differences between the coal and petroleum asphaltenes samples shown in
Table 4.1 are graphed as a function of the size of the ions in Figure 4.7. Figure 4.7
suggests that petroleum and coal asphaltenes are relatively similar in chain length, core
size, and extent of hydrogen sulfide loss at low MW and that the differences gradually
increase with MW. While bulk analysis methods can also measure these differences, they
are unable to track how they change with MW like this method.

4.4 Conclusions
The MWDs collected for coal and petroleum asphaltenes by using APCI with
carbon disulfide as the ionizing reagent in an LQIT were found to agree with a previous
study that used laser deposition/ionization coupled to a time-of-flight mass
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spectrometer.19

The observed MWD and average MWs for coal and petroleum

asphaltenes range from 200 up to 800 Da with 443 ± 33 Da average MW and from 275
up to 1500 Da with 708 ± 14 Da average MW, respectively. The CAD mass spectra for
molecular ions of several m/z values showed a striking decrease in alkane carbon content
relative to aromatic carbon content in petroleum (a total of about 35 carbons maximum in
all side chains) vs. coal asphaltenes (a total of about 6 carbons maximum in all side
chains). Further, the core size of coal asphaltenes was estimated to range from 3 up to 13
rings while that for petroleum asphaltenes range from 6 up to 10 rings. Previous studies
conducted on coal and petroleum asphaltenes measured smaller core sizes then those
presented here, which is likely due to the lack of appropriate model compounds needed to
refine our methods.22,26,34 The measured trends reported here, on the other hand, are
expected to be accurate. From these results it was concluded that the aromatic carbon to
alkane carbon ratio in coal asphaltenes is much higher than that of petroleum asphaltenes,
independent of the MW. Nevertheless, when comparing the most abundant molecules in
both the petroleum and coal asphaltenes, the molecules have similarly sized aromatic
cores of about eight fused rings but very different total lengths of the alkyl side chains,
with coal asphaltenes having about 4 total carbons in alkyl chains and petroleum
asphaltenes having about 22 total carbons in alkyl chains. The lower alkane content
measured for coal aspahltenes than petroleum asphaltenes agrees with bulk elemental
compositions determined previously: 87-91 wt% carbon : 5-7 wt% hydrogen in coal
asphaltenes and 79-82 wt% carbon : 7-8 wt% hydrogen in petroleum asphaltenes.22,32
The relative abundance of the fragment ion due to hydrogen sulfide loss from petroleum
asphaltenes was much higher than that of the coal asphaltenes. This is also in agreement
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with bulk elemental analysis carried out by others that showed that coal and petroleum
asphaltenes contain 0.1-1 wt% and 7-9 wt% sulfur, respectively.26,32 The agreement of
these results with previous results collected using different techniques helps validate this
technique.

97
4.5 References
1.

Mullins, O.; Sheu, E., Structure and Dynamics of Asphaltenes. Plenum Press:
New York, 1998.

2.

Buenrostro-Gonzalez, E.; Groenzin, H.; Lira-Galeana, C.; Mullins, O., The
Overriding Chemical Principles that Define Asphaltenes. Energy Fuels 2001, 12,
972-978.

3.

Mullins, O.; Sheu, E.; Hammami, A.; Marshall, A., Asphaltenes, Heavy Oils, and
Petroleomics. Springer: New York, 2007.

4.

Ancheyta, J.; Betancourt, G.; Centeno, G.; Marroquin, G.; Alonso, F.;
Garciafigueroa, E., Catalyst Deactivation During Hydroprocessing of Maya
Heavy Crude Oil 1. Evaluation at Constant Operating Conditions. Energy Fuels
2002, 16, 1438-1443.

5.

Yen, T.; Chilingarian, G., Asphaltenes and Asphalts. Elsevier: Amsterdam, 1994.

6.

Potts, M. F. Crude Oil Fractionation Method. US Patent 3,320,158, 11/6/1964,
1967.

7.

Nogueira, J., Refining and Separation of Crude Tall-Oil Components. Sep. Sci.
Technol. 1996, 31, 2307-2316.

8.

ncheyta, . Betancourt, . arroqu n, G.; Centeno, G.; Castañeda, L.; Alonso,
F.; Muñoz, J. A.; Gómez, M.; Rayo, P., Hydroprocessing of Maya Heavy Crude
Oil in Two Reaction Stages. Appl. Catal. A-Gen. 2002, 233, 159-170.

9.

Ancheyta-Juárez, J.; Betancourt-Rivera, G.; Marroquín-Sánchez, G.; PérezArellano, A. M.; Maity, S.; Cortez, M.; del Río-Soto, R., An Exploratory Study
for Obtaining Synthetic Crudes from Heavy Crude Oils via Hydrotreating. Energy
Fuels 2001, 15, 120-127.

10.

Trejo, F.; Centeno, G.; Ancheyta, J., Precipitation, Fractionation and
Characterization of Asphaltenes from Heavy and Light Crude Oils. Fuel 2004, 83,
2169-2175.

11.

Al-Muhareb, E.; Morgan, T.; Herod, A.; Kandiyoti, R., Characterization of
Petroleum Asphaltenes by Size Exclusion Chromatography, UV-Fluorescence and
Mass Spectrometry. Petrol. Sci. Technol. 2007, 25, 81-91.

12.

Mullins, O., Rebuttal to Comment by Professors Herod, Kandiyoti, and Bartle on
“ olecular Size and Weight of sphaltene and Asphaltene Solubility Fractions
from Coals, Crude Oils and Bitumen”. Fuel 2007, 86, 309-312.

98
13.

Herod, A.; Bartle, K.; Kandiyoti, R., Comment on a Paper by Mullins, MartinezHaya, and arshall “Contrasting Perspective on sphaltene olecular Weight.
This Comment vs the Overview of . . Herod, K. D. Bartle, and R. Kandiyoti”.
Energy Fuels 2008, 22, 4312-4317.

14.

Mullins, O.; Martínez-Haya, B.; Marshall, A., Contrasting Perspective on
Asphaltene Molecular Weight. This Comment vs the Overview of A. A. Herod,
K. D. Bartle, and R. Kandiyoti. Energy Fuels 2008, 22, 1765-1773.

15.

Mullins, O., The Modified Yen Model. Energy Fuels 2010, 24, 2179-2207.

16.

Borton, D. Pinkston, D. Hurt, . Tan, . zyat, K. Scherer, . Tykwinski,
R. ray, . ian, K. Kentt maa, H., Molecular Structures of Asphaltenes
Based on the Dissociation Reactions of Their Ions in Mass Spectrometry. Energy
Fuels 2010, 24, 5548-5559.

17.

Sabbah, H.; Morrow, A.; Pomerantz, A.; Mullins, O.; Tan, X.; Gray, M.; Azyat,
K.; Tykwinski, R.; Zare, R., Comparing Laser Desorption/Laser Ionization Mass
Spectra of Asphaltenes and Model Compounds. Energy Fuels 2010, 24, 35893594.

18.

Sabbah, H.; Morrow, A.; Pomerantz, A.; Zare, R., Evidence for Island Structures
as the Dominant Architecture of Asphaltenes. Energy Fuels 2011, 25, 1597-1604.

19.

Hortal, A.; Hurtado, P.; Martínez-Haya, B.; Mullins, O., Molecular-Weight
Distributions of Coal and Petroleum Asphaltenes from Laser
Desorption/Ionization Experiments. Energy Fuels 2007, 21, 2863-2868.

20.

Badre, S.; Goncalves, C.; Norinaga, K.; Gustavson, G.; Mullins, O., Molecular
Size and Weight of Asphaltene and Asphaltene Solubility Fractions from Coals,
Crude Oils and Bitumen. Fuel 2006, 85, 1-11.

21.

Groenzin, H.; Mullins, O., Molecular Size and Structure of Asphaltenes from
Various Sources. Energy Fuels 2000, 14, 677.

22.

Andrews, A.; Edwards, J.; Pomerantz, A.; Mullins, O.; Nordlund, D.; Norinaga,
K., Comparison of Coal-Derived and Petroleum Asphaltenes by 13C Nuclear
Magnetic Resonance, DEPT, and XRS. Energy Fuels 2011, 25, 3068-3076.

23.

Mullins, O.; Sabbah, H.; Eyssautier, J.; Pomerantz, A.; Barre, L.; Andrews, A.;
Ruiz-Morales, Y.; Mostowfi, F.; McFarlane, R.; Goual, L.; Lepkowicz, R.;
Cooper, T.; Orbulescu, J.; Leblanc, R.; Edwards, J.; Zare, R., Advances in
Asphaltene Science and the Yen-Mullins Model. Energy Fuels 2012, 26, 39864003.

99
24.

Morgan, T.; Alvarez-Rodriguez, P.; George, A.; Herod, A.; Kandiyoti, R.,
Characterization of Maya Crude Oil Maltenes and Asphaltenes in Terms of
Structural Parameters Calculated from Nuclear Magnetic Resonance (NMR)
Spectroscopy and Laser Desorption-Mass Spectroscopy (LD-MS). Energy Fuels
2010, 24, 3977-3989.

25.

Alshareef, A.; Scherer, A.; Tan, X.; Azyat, K.; Stryker, J.; Tykwinski, R.; Gray,
M., Formation of Archipelago Structures During Thermal Cracking Implicates a
Chemical Mechanism for the Formation of Petroleum Asphaltenes. Energy Fuels
2011, 25, 2130-2136.

26.

Andrews, A.; Shih, W.; Mullins, O.; Norinaga, K., Molecular Size Determination
of Coal-Derived Asphaltene by Fluorescence Correlation Spectroscopy Appl.
Spectrosc. 2011, 65, 1348-1356.

27.

Wargadalam, V.; Norinaga, K.; Lino, M., Size and Shape of a Coal Asphaltene
Studied by Viscosity and Diffusion Coefficient Measurements. Fuel 2002, 81,
1403-1407.

28.

Pinkston, D. Duan, P. allardo, . Habicht, S. Tan, . ian, K. ray, .
llen, K.; Kentt maa, H., Analysis of Asphaltenes and Asphaltene Model
Compounds by Laser-Induced Acoustic Desorption/Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry. Energy Fuels 2009, 23, 5564-5570.

29.

de Hoffmann, E.; Stroobant, V., Mass Spectrometry Principles and Applications.
3rd ed.; John Wiley & Sons, Ltd: West Sussex, England, 2007.

30.

Kim, Y.; Kim, S., Improved Abundance Sensitivity of Molecular Ions in PositiveIon APCI MS Analysis of Petroleum in Toluene. J. Am. Soc. Mass Spectrom.
2010, 21, 386-392.

31.

Owen, B.; Gao, J.; Borton, D.; Amundson, L.; Archibold, E.; Tan, X.; Azyat, K.;
Tykwinski, R.; Gray, M.; Kenttämaa, H., Carbon Disulfide Reagent Allows the
Characterization of Nonpolar Analytes by Atmospheric Pressure Chemical
Ionization Mass Spectrometry. Rapid Commun. Mass Spectrom. 2011, 25, 19241928.

100
32.

Long, R., The Concept of Asphaltenes. American Chemical Society: Washington
D.C., 1981; Vol. 195.

33.

Klein, G.; Kim, S.; Rodgers, R.; Marshall, A.; Yen, A., Mass Spectral Analysis of
Asphaltenes. II. Detailed Compositional Comparison of Asphaltenes Deposit to
its Crude Oil Counterpart for Two Geographically Different Crude Oils by ESI
FT-ICR MS. Energy Fuels 2006, 20, 1973-1979.

34.

Calemma, V.; Iwanski, P.; Nali, M.; Scotti, R.; Montanari, L., Structural
Characterization of Asphaltenes of Different Origins. Energy Fuels 1995, 9, 225230.

101

CHAPTER 5: COMPARISON OF THE STRUCTURES OF MOLECULES IN
PETROLEUM ASPHALTENES BEFORE AND AFTER MILD AND HARSH
HYDROCRACKING.

5.1 Introduction
As discussed in section 4.1, asphaltenes are the heaviest fraction of crude oil and
cause many problems during crude oil processing that increase production costs. 1-10
More needs to be known about asphaltenes in order to be able to knowledgably devise a
solution to these problems. Unfortunately, the study of asphaltenes is not an easy task
due to their extreme complexity. A better understanding of their molecular structures
would greatly help in developing prevention strategies for the problems caused by
asphaltenes.11 To date, only limited amount of work has been carried out to determine
the molecular structures of asphaltenes.12-15 Island and archipelago type structures have
been proposed for molecules present in asphaltenes.5 Island-type molecules have one
aromatic core with alkyl chains branching off while archipelago-type molecules have
several smaller aromatic cores linked by alkyl chains, with alkyl chains branching off.5
An example structure of both island-type molecules and archipelago-type molecules are
shown in Figure 5.1. The studies that have been conducted thus far have concluded that
the predominant molecular structural type present in asphaltenes is the island type, with
little evidence of archipelago-type structures.6,16-21
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Figure 5.1
Example structures of an island-type asphaltene molecule (left) and an
archipelago-type molecule (right).

One process that is currently utilized to partially upgrade asphaltenes into more
useful compounds is hydrocracking.22,23 This process involves heating of the crude oil to
a high temperature under a high pressure hydrogen atmosphere, resulting in catalytic
hydrogenation of the molecules within the oil.24,25 The hydrogenation results in the
removal of sulfur and nitrogen heteroatoms and saturation of double and triple bonds,
thus converting molecules such as olefins into alkanes. 24,25

Previous studies on

hydrocracked asphaltenes by using bulk elemental analysis found that the asphaltenes
became more hydrogen deficient and had a reduced amount of heteroatoms, such as
sulfur and nitrogen.26 Hence, it was concluded that during the hydrocracking process, the
alkyl chains that branch off of the aromatic core are cleaved off.26

Analysis of

hydrocracked asphaltenes has yet to be studied at the molecular level by using mass
spectrometry.
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In the study discussed in this chapter, tandem mass spectrometry with
collisionally-activated dissociation (CAD) was used to study the effects of “mild” and
“harsh” hydrocracking conditions on the molecular structures of asphaltenes. The exact
conditions of the hydrocracking processes were a trade secret of our industrial
collaborators who donated the samples. The only information that we were provided was
that some of the samples were hydrocracked at a low temperature and pressure while
other samples were hydrocracked at a higher temperature and pressure.

The same

method that was used in the experiments described in Chapter 4 was used here. The
sample was dissolved in carbon disulfide (CS2) and ionized via atmospheric pressure
chemical ionization (APCI). This method was chosen due to its ability to ionize a wide
range asphaltenes model compounds by only producing one type of an ion per compound,
the molecular ion (M+•).27

5.2 Experimental
Chemicals. All of the asphaltene samples studied here originated from an oil field
in Russia. Two series of samples (obtained at two different times), each containing two
sets (each set is a from a different feedstock) of samples, were analyzed during this study.
All samples were collected under identical conditions. The first digit in the sample name
denotes whether it belonged to the first or second series of samples. Of the ten samples
analysed, four were unprocessed (U), four were processed under mild conditions (M),
and two were processed under harsh conditions (H), which is denoted by the second digit
of samples’ name. The third digit of the samples’ names indicates which feedstock was
being processed from that series (i.e., 1H1 corresponds to sample 1U1 after the harsh

104
hydrocracking treatment). Table 5.1 provides a list of all the samples that were analyzed
and the hydrocracking treatment they were exposed to. Carbon disulfide (CS2) (>99.9%)
was purchased from Sigma Aldrich (St. Louis, MO) and used without purification.
Instrumentation. A Thermo Scientific LTQ linear quadrupole ion trap (LQIT)
mass spectrometer was used for mass spectrometric analyses. The asphaltenes samples
were dissolved in carbon disulfide at a concentration of 0.5 g/mL and then introduced
into the APCI source via direct infusion from a Hamilton 500 μL syringe through the
instrument’s syringe pump at a rate of 20 µL per minute. The APCI source was set at
450°C for the first series of samples and 300°C for the second series. This difference in
temperature was due to a refinement in the mass spectrometric technique between the
time when the first samples were analyzed and the time when the second set was received
to prevent ion-molecule reactions during nebulization. The temperature was found to
effect the molecular weight distribution (MWD) and the amount of energy required
during CAD but since each series is not being directly compared to the other, these
changes were found to be irrelevant). Several radical cations were isolated and subjected
to CAD. An isolation window of 2 Da (selected m/z value ± 1 Da) and a CAD energy of
35-60 arbitrary units was used. Both were controlled by the LTQ software.
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Table 5.1

A list of the asphaltenes samples examined.
Asphaltene Sample

Processing

1U1

Unprocessed Feedstock

1M1

1U1 Processed Using Mild
Hydrocracking Conditions

1H1

1U1 Processed Using Harsh
Hydrocracking Conditions

1U2

Unprocessed Feedstock

1M2

1U2 Processed Using Mild
Hydrocracking Conditions

1H2

1U2 Processed Using Harsh
Hydrocracking Conditions

2U1

Unprocessed Feedstock

2M1

2U1 Processed Using Mild
Hydrocracking Conditions

2U2

Unprocessed Feedstock

2M2

2U2 Processed Using Mild
Hydrocracking Conditions

5.3 Results and Discussion
During this study, ten asphaltenes samples were examined that were exposed to
none or various levels of hydrocracking treatment.

Of the ten samples, four were

different unprocessed feed stocks that were not exposed to hydrocracking, four were
exposed to a mild hydrocracking process, and two were exposed to a harsh hydrocracking
process. The samples were ionized using APCI with CS2 as the ionization reagent to
produce stable molecular ions. The MWDs measured for the both series of samples
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(Figure 5.2 and 5.3) range from about 300 up to 1800 Da for the first series and 300 1400 Da for the second series. On the other hand, the center of the MWD, which was
denoted by the most abundant peak in the distribution and indicated by a dashed red line
in Figure 5.2 and 5.3, is shifted to a lower m/z value for samples subjected to the mild
hydrocracking process and to an even lower m/z value for the samples subjected to the
harsh hydrocracking process. For the first samples series, the center of the MWD shifted
from ~750 Da for unprocessed asphaltenes to ~650 for asphaltenes that were mildly
hydrocracked and to ~550 for asphaltenes that were harshly hydrocracked, with a similar
trend observed for the second sample series. This shift in the center of the MWD
indicates that the asphaltene molecules are being fragmented into smaller molecules
during the hydrocracking process but it does not specify where the fragmentation is
occurring in the molecule. The same trend is shown in Figure 5.3 for the unprocessed
feedstocks and those subjected to mild hydrocracking from the second set of samples.

107

Figure 5.2
Mass spectra showing the MWD for the six samples in the first set of
samples. The red dashed line indicates the center of the MWD (the most abundant
compounds in the distribution). Comparing the mass spectra of the untreated samples
(1U1 and 1U2) to those that were hydrocracked under different intensities (1M1 = 1M2 ˂
1H1 = 1H2) the center of the MWD shifts from 750 Da for 1U1 and 1U2 to 650 Da for
1M1 and 1M2 and to 550 Da for 1H1 and 1H2. The m/z values of ions with elevated
relative abundances that are marked with a star are due to polyethylene glycol
contamination.
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Figure 5.3
Mass spectra showing the MWD for four samples in the second set of
samples. The red dashed line indicates the center of each MWD. Comparing the mass
spectra measured for the hydrocracked feedstocks (2M1 and 2M2) to those of the
corresponding untreated feedstocks (2U1 and 2U2) shows that hydrocracking shifts the
centers of the MWDs to lower mass values, the same trend that was observed for the first
set of samples.

Many ions derived from each sample were isolated and subjected to CAD to
examine the structural changes caused by the hydrocracking processes.

The major

fragmentation pathway that was observed for each ion was the loss of neutral alkyl
radicals of various lengths, with the loss of shorter radicals being more predominant than
longer ones. The minimum combined length of the alkyl chains for a given set of
molecular ions was approximated by isolating molecular ions with a narrow m/z range
(2 m/z window), subjecting them to CAD, and determining the maximum number of
apparent methylene losses (methylenes are actually not lost) in the mass spectrum, until
the corresponding fragment ions’ abundance is below two percent (value chosen
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randomly) relative to the abundance of the most abundant ion, as described previously.12
Based on Figure 5.4, which shows CAD mass spectra measured for ions of m/z 704
derived from 1U1, 1M1, and 1H1, increasing the intensity of the hydrocracking process
shortens the lengths of the alkyl chains. Hence, the hydrocracking process breaks entire
or partial alkyl chains off the aromatic core of the molecule. The same trend can be
observed for the samples 1U2 (a total of 25 alkyl carbons lost), 1M2 (a total of 13 alkyl
carbons lost), and 1H2 (a total of 7 alkyl carbons lost) in Figure 5.5, 2U1 (a total of 26
alkyl carbons lost) and 2M1 (a total of 8 alkyl carbons lost) in Figure 5.6, and 2U2 (a
total of 30 alkyl carbons lost) and 2M2 (a total of 18 alkyl carbons lost) in Figure 5.7.
A rough estimate of the relative heteroaromatic sulfur present within an
asphaltene sample may also be obtained using CAD. CAD mass spectra measured for
molecular ions of asphaltene molecules occasionally show fragment ions formed from
loss of a neutral molecule of MW of 34 Da. Previous model compound studies suggest
that this loss corresponds to hydrogen sulfide.12 High resolution experiments, conducted
in our lab, have confirmed this assumption. As mentioned above, one of the goals of
hydrocracking is to remove heteroatoms, such as sulfur.26 If this was successful, the
relative abundance of the fragment ions formed from hydrogen sulfide loss should
decrease as the intensity of hydrocracking is increased.
observed, as shown in Figures 5.4 - 5.7.

This is indeed what was
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Figure 5.4
CAD mass spectra of ions of m/z 704 isolated from ionized asphaltene
samples 1U1, 1M1, and 1H1. Comparing the mass spectra of the untreated sample (1U1)
to those that were hydrocracked under different intensities (1M1 ˂ 1H1), the number of
alkyl carbons that brake off of the core is reduced and the relative abundance of the ions
produced by hydrogen sulfide loss is reduced for hydrocracked samples.
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Figure 5.5
CAD mass spectra of ions of m/z 704 isolated from ionized asphaltene
samples 1U2, 1M2, and 1H2. Comparing the mass spectra of the untreated sample (1U2)
to those that were hydrocracked under different intensities (1M2 ˂ 1H2) the number of
alkyl carbons that brake off of the core is reduced and the relative abundance of the ions
produced by hydrogen sulfide loss is reduced for hydrocracked samples.
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Figure 5.6
CAD mass spectra of ions of m/z 704 isolated from ionized asphaltene
samples 2U1 and 2M1. Comparing the mass spectrum measured for the hydrocracked
feedstock (2M1) to the mass spectrum of the corresponding untreated feedstocks (2U1)
the number of alkyl carbons that brake off of the core is reduced and the relative
abundance of the ions produced by hydrogen sulfide loss is reduced.

Figure 5.7
CAD mass spectra of ions of m/z 704 isolated from ionized asphaltene
samples 2U2 and 2M2. Comparing the mass spectrum measured for the hydrocracked
feedstock (2M2) to the mass spectrum of the corresponding untreated feedstocks (2U2)
the number of alkyl carbons that brake off of the core is reduced and the relative
abundance of the ions produced by hydrogen sulfide loss is reduced.
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The breaking of alkyl chains and the reduction of sulfur content during
hydrocracking was evident from the CAD of ions of varying m/z values for each of the
sample sets studied but the effect was less obvious for ions of low m/z values than the
ions of high m/z values (Figures 5.4 - 5.7). Figure 5.8 illustrates this for ions of m/z 460.

Figure 5.8
CAD mass spectra of ions of m/z 460 isolated from ionized asphaltene
samples 2U2 and 2M2. Comparing the mass spectrum measured for the hydrocracked
feedstock (2M2) to the mass spectrum of the corresponding untreated feedstocks (2U2)
the number of alkyl carbons that brake off of the core is reduced and the relative
abundance of the ions produced by hydrogen sulfide loss is reduced.

5.4 Conclusions
In this study, tandem mass spectrometry experiments using APCI with carbon
disulfide to ionize asphaltenes samples in an LQIT provided insightful information
regarding the effects of hydrocracking on the molecular structures of asphaltenes. For
each of the asphaltenes samples, the center of the MWD shifted to lower mass after the
sample was subjected to mild hydrocracking and even to lower mass after harsher
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hydrocracking.

While this information indicates that the asphaltenes molecules are

breaking down during hydrocracking, it does not specify where the breakdown is
occurring within the molecules.

CAD experiments indicated that the molecular

breakdown during hydrocracking was due to the cleavage of alkyl chains off and
heteroatoms out of the aromatic core of the molecule. The extent of this breakdown was
found to increase when using harsher hydrocracking conditions. No observable change
occurred to the aromatic cores. The shortening and/or cleavage of alkyl chains during
hydrocracking is most likely what produces light alkanes 28 and more hydrogen deficient
asphaltene molecules26 that are known to be produced during asphaltene hydrocracking.28
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CHAPTER 6: A MASS SPECTROMETRIC STUDY COMPARING THE
MOLECULAR STRUCTURE OF FIELD DEPOSIT ASPHALTENES AND HEPTANE
PRECIPITATED ASPHALTENES

6.1 Introduction
As discussed in Chapters 4 and 5, asphaltenes are the heaviest fraction of crude
oil and create many problems for the oil industry, both during the transportation of crude
oil from a reservoir as well as during refinement.1-11 For this reason, asphaltenes have
been studied at length to gain a better understanding into their bulk properties and
behavior, with a recent push to learn more about their molecular structures.7,12-17
Asphaltenes are defined as being soluble in toluene and insoluble in heptane. 18 To date,
the vast majority of asphaltenes that have been studied were heptane precipitated
asphaltenes (HPAs) in a laboratory setting,15,18-24 with no studies probing the molecular
structures of field deposit asphaltenes (FDAs), the actual problematic compounds that
clog crude oil pipelines, to determine if they are structurally similar to HPAs.25 If FDAs
are found to have dramatically different molecular structure than HPAs, then all of the
characterization that has been conducted on HPAs will do little to solve the problems that
are caused by FDAs.
In the study described in this chapter, tandem mass spectrometry with
collisionally-activated dissociation (CAD) was used to study the structural differences of
FDAs and HPAs that originated from the same oil well. The samples were dissolved in
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carbon disulfide (CS2) and ionized via atmospheric pressure chemical ionization (APCI).
This ionization method was chosen because it ionizes the majority of the different types
of molecules present in asphaltenes26 to produce only one type of an ion per compound,
the molecular ion (M+•).27

6.2 Experimental
Chemicals. Carbon disulfide (>99.9%), and n-heptane (99%) were purchased
from Sigma Aldrich (St. Louis, MO) and used without purification. The FDA sample
and the crude oil from which the HPA sample was precipitated originated from an oil
well in Wyoming and were donated by Andy Yen at Nalco. The HPA sample was
precipitated out by using a method derived from a published procedure. 28

The

precipitation was achieved by adding 50 mL of n-heptane to 5 g of crude oil and then
sonicating the mixture for 15 minutes to ensure adequate mixing. The mixture was then
stored over night, filtered, and rinsed with n-heptane.
Instrumentation. A Thermo Scientific LTQ linear quadrupole ion trap (LQIT)
mass spectrometer was used for mass spectrometric analyses. The asphaltenes samples
were dissolved in carbon disulfide at a concentration of 0.5 g/mL and then introduced
into the APCI source via direct infusion from a Hamilton 500 μL syringe through the
instrument’s syringe pump at a rate of 20 µL per minute. The APCI source was set to
300°C. The molecular ions of the asphaltene model compounds and asphaltene samples
were isolated and subjected to CAD at a collision energy of 35 arbitrary units with an
isolation window of m/z 2 (selected m/z value ± 1). All parameters were controlled by
the LTQ software.
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6.3 Results and Discussion
Two asphaltene samples, one heptane precipitated from crude oil and one
collected from an asphaltene deposit inside a crude oil transfer line, both originating from
the same oil well, were studied to determine any structural differences in their molecular
make up. The samples were dissolved in carbon disulfide and ionized using APCI to
produce stable molecular ions. The full (MS1) mass spectra measured for these ions
yielded information about the samples MWDs. The CAD (MS2) mass spectra measured
for several isolated ions yielded information about the molecular structures of the
compounds present in the samples. The average molecular weight (MW) of both samples
was derived from the MWDs by using Equation 4.1 and the values are given in Table 6.1.
As described in Chapter 4, one of the structural features of asphaltenes that can be
examined using CAD is the approximate minimum for the total number of carbons in the
combined alkyl chains branching from the aromatic core. The minimum number of
carbons in the alkyl chains was experimentally determined by isolating several molecular
ions of different m/z values, subjecting them to CAD and determining the number of
consecutive formal methylene losses (no methylenes are actually lost) in the mass
spectrum until the corresponding fragment ions’ abundance was below two percent
(arbitrarily chosen) relative to the abundance of the most abundant ion.

The same

fragment ions that were used to determine the minimum combined length of the alkyl
chains were used to determine the molecule’s core size (methylene functional groups
possibly left onto the core after benzylic cleavages of the alkyl chains were included in
this estimate). The calculation of the number of fused rings that comprise the core is a
rough estimate as it does not take into account the presence of heteroatoms and the exact
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number of methylene groups left on the core is unknown, but these factors should not
change the final results to a significant degree.
Another structural feature experimentally determined was the approximate
relative heteroaromatic sulfur content in the samples. A rough estimate of the amount of
heteroaromatic sulfur present in the ions was obtained from the abundance of the
fragment ions formed by the loss of hydrogen sulfide (34 Da) relative to that of the most
abundant fragment ion in the CAD mass spectrum.

High resolution experiments

confirmed that hydrogen sulfide is the molecule lost from the ions in this fragmentation
(exact mass measurement: 33.96236 Da). Our preliminary results obtained for molecular
ions of model compounds with sulfur containing heteroaromatic rings showed hydrogen
sulfide loss upon CAD in a LQIT.12
Figure 6.1, below, displays a direct comparison of the MWD measured for the
FDAs and HPAs samples. The observed MWD for both samples range from 100 up to
1200 Daltons (Da). The calculated weighted MW average for was slightly different for
the two samples, with the HPAs having an average MW of 545 ± 8 Da and FDAs
494 ± 29 Da, indicating that HPAs are composed of larger molecules.
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Figure 6.1

APCI/CS2 mass spectra of HPAs (top) and FDAs (bottom).

Experiments using CAD were then conducted to probe the differences in
molecular structures of the compounds present in each sample. As explained in Chapter
4, a relatively wide (2 m/z-units) window was used during the isolation event for the
MS/MS experiments. Hence, the isolated ion population may contain between two and
fifteen abundant isobaric ions (and several isomeric ions), all of which may contribute to
the CAD mass spectrum.25

As shown in Figure 4.3, substantial narrowing of this

isolation window still shows the same dominant fragment ions; hence, data obtained
using the broader isolation window should be fine for our qualitative comparison.
Typical CAD mass spectra for ions of m/z 442 ± 1 Da derived from HPAs and FDAs are
shown in Figure 6.2.

These CAD mass spectra are similar to the ones measured
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previously for petroleum asphaltenes, depicting steadily decreasing abundances for
fragment ions formed by the loss of larger alkyl radicals from the aromatic core.12 CAD
mass spectra of ions derived from asphaltenes yield an estimate of the number of carbons
present in alkyl chains and the aromatic core and very rough estimate for their relative
heteroaromatic sulfur content as described above. Figure 6.2 shows the CAD mass
spectra of molecular ions for both HPAs and FDAs to illustrate the differences in the
molecular structure for the two samples.
When looking at Figure 6.2, it can be noted that the most favored neutral
fragments correspond to a series of alkyl radicals ranging from methyl up to an alkyl
radical at least 12 carbons in length for HPAs and 21 carbons in length for FDAs. The
decay in the abundances of the alkyl radicals as a function of their size suggests that
shorter alkyl groups are much more prominent in asphaltenes molecules than longer alkyl
groups. The results for ions of m/z 422 ± 1, along with the other ions studied, are
displayed in Table 6.1. These results suggest that in general, HPAs contain a smaller
number of carbons in their alkyl chains than FDAs. The CAD mass spectra measured for
ions with several m/z values (Table 6.1) show that the minimum total number of carbons
in all side chains in HPAs and FDAs range from at least 12 up to at least 37 carbons and
from at least 18 up to at least 40 carbons, respectively. Based on the results presented in
Figure 6.2, the relative heteroaromatic sulfur content is higher in FDAs (10% relative
abundance) than in HPAs (5% relative abundance). Table 6.1 shows that this is true for
ions with a variety of different m/z values.
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Figure 6.2
CAD mass spectra measured for ions of m/z 422 ± 1 derived from HPAs
(top) and FDAs (bottom). The total number of carbons in the side chains and the relative
abundance of the fragment ion produced due to the loss of hydrogen sulfide are labeled in
the mass spectra.
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Table 6.1
Molecular weight distributions (MWD) and average molecular weights
(AVG MW) determined for molecules in FDAs and HPAs, as well as the estimated
minimum total number of carbon atoms in all side chains and relative abundances of the
ions produced by neutral hydrogen sulfide loss, given for ions with selected m/z values.
The differences between the FDAs and HPAs (FDAs – HPAs) are given in the last
column.
FDAs

HPAs

Difference
(FDAs – HPAs)

MWD

100 Da - 1200 Da

100 Da - 1200 Da

--

AVG MW

494 ± 29 Da

545 ± 8 Da

17

Ion of m/z 423
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

18

16

2

3

4

-1

Ion of m/z 442
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

20

14

6

6

3

3

Ion of m/z 452
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

20

12

8

4

2

2

Ion of m/z 509
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

24

15

9

5

4

1

Ion of m/z 515
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

22

17

5

5

4

1

Ion of m/z 536
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

25

20

5

5

5

0

Ion of m/z 591
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

27

23

4

7.0

4

3

28

23

4

15

5

10

Ion of m/z 606
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss
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Table 6.1, continued
FDAs

HPAs

Difference
(FDAs – HPAs)

Ion of m/z 624
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

29

28

1

28

9

19

Ion of m/z 722
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

34

32

2

29

24

5

Ion of m/z 736
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

34

32

2

33

27

6

Ion of m/z 755
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

35

33

2

18

7

11

Ion of m/z 801
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

40

37

3

32

9

23

Ion of m/z 822
Carbons in Side Chains
Relative Percent Hydrogen
Sulfide Loss

37

37

0

31

10

21
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Figure 6.3
Graph illustrating the differences (FDAs – HPAs) between the FDAs and
the HPAs as a function of their molecular size: relative abundances of ions produced
from hydrogen sulfide loss and the estimated minimum total number of carbons in all
side chains.

The differences between the FDAs and HPAs shown in Table 6.1 are graphed as a
function of the size of the ions in Figure 6.3. Figure 6.3 suggests that ions of a wide
range of different m/z values derived from FDAs and HPAs have similar alkyl chain
lengths. However, while the extent of hydrogen sulfide loss from ions of small m/zvalues is comparable for FDAs and HPAs, it can vary as much as by 23% for ions of
greater m/z in these two samples. These results suggest that the molecules in FDAs and
HPAs are quite similar structurally and hence, that HPAs are a suitable substitute for
FDAs.
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6.4 Conclusions
The MWDs measured for FDAs and HPAs by using APCI with carbon disulfide
as the ionizing reagent in an LQIT were found to be quite similar. The observed MWD
for both samples ranges from 100 up to 1200 Daltons (Da). The calculated weighted
MW average for each sample was found to be 545 ± 8 Da for HPAs and 494 ± 29 Da for
FDAs, indicating that HPAs are composed of somewhat larger molecules. The CAD
mass spectra measured for molecular ions of several m/z values showed similar alkane
carbon content for both samples, with FDAs having slightly higher alkane carbon
content. The total number of carbons in all side chains in HPAs and FDAs was found to
range from at least 12 up to at least 37 carbons and at least 18 up to at least 40 carbons,
respectively. Finally, the relative abundance of the fragment ion due to hydrogen sulfide
loss from ions derived from FDAs was much higher than that for the HPAs. While these
differences are intriguing, the findings suggest that HPAs are indeed a good substitute for
FDAs.
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CHAPTER 7: EXAMINATION OF SOLVENT/REAGENT EFFECTS ON
ATMOSPHERIC PRESSURE CHEMICAL IONIZATION OF ASPHALTENES IN A
SEARCH FOR A REPLACEMENT FOR CARBON DISULFIDE

7.1 Introduction
As discussed in Chapters 4-6, asphaltenes are the heaviest fraction of crude oil
and cause many problems during crude oil processing, thus increasing production
costs.1-11 More needs to be known about asphaltenes in order to address these problems,
but owing to their complexity, asphaltenes are not easy to study. Hence, only a limited
amount of work has been carried out thus far to determine their molecular structures.12-16
For the proposed two different types of molecules believed to be present in asphaltenes,
most of the data support island type structures (aromatic core with alkyl chains branching
off), with only a small amount of evidence suggesting that archipelago-type molecules
(several small aromatic cores linked by alkyl chains are also present.5,6,17-22
The method that was utilized to analyze asphaltenes in the studies discussed in
Chapters 4-6 proved very successful. The asphaltenes were ionized using an atmospheric
pressure chemical ionization (APCI) source infused with the sample dissolved in carbon
disulfide (CS2) from an external syringe pump. CS2 acts as the ionizing reagent during
APCI, as discussed in section 2.2.1, and is known to produce solely stable molecular ions
for asphaltene model compounds.23 The molecular ions derived from asphaltenes were
then isolated and subjected to collisionally activated dissociation (CAD) to determine
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their structural features. The instruments that were used for these analyses were Thermo
Scientific LTQ linear quadrupole ion traps (LQIT), which only can isolate ions with m/z
range of 0.3 units or larger for the XL model and 0.8 units for the classic model (the
classic model was used for the majority of these studies). Usually, an isolation window
of m/z of 2 units was used for these experiments due to the extreme complexity of
asphaltenes, which resulted in a low ion signal when smaller isolation windows were
used. However, high resolution data collected both in our laboratory and in others have
found that a 2 m/z-unit isolation window may result in isolation of an ion population that
contains more than ten abundant isobaric ions, all of which may contribute to the CAD
mass spectrum.24,25 For example, Figure 7.1 shows a high resolution mass spectrum of an
isolated asphaltene ion cluster with a range of m/z values from 528.0 up to 528.5 Da that
contains nine peaks with greater than twenty five percent relative abundance.
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Figure 7.1
High resolution mass spectrum of an isolated asphaltene ion cluster of m/z
ranging from 528.0 up to 528.5 Da. Nine peaks have greater than twenty five percent
relative abundance, indicated by the red dashed line, illustrating the extreme complexity
of asphaltenes.

To reduce the number of ions that contribute to a CAD mass spectrum measured
for ions derived from asphaltenes, a chromatographic separation of the molecules is
needed prior to mass spectrometric analysis. To develop a successful chromatographic
method that can be used on-line with APCI, a solvent that can be used both in high
performance liquid chromatography (HPLC) and APCI needs to be found. A solvent
compatible with HPLC does not damage or corrode the internal components of the HPLC
or the column and results in a good separation of the sample molecules. A solvent is
considered compatible with APCI if it produces one ion per compound (i.e., the
molecular ion M+• or the protonated molecule M+H+). Promising work has already been
conducted using preparatory HPLC of asphaltenes26 but the solvent, N-methyl-2pyrrolidone, used in these studies is not compatible with APCI due to its high proton
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affinity (923.5 kJ/mol) and high boiling point, hindering it’s removal from the mass
spectrometer after use.27 CS2 is also not compatible with HPLC.28,29
To find a proper solvent for on-line HPLC/MS analysis, four solvents known to
dissolve asphaltenes were tested to determine their compatibility with APCI:
chloroform,30-33

dichloromethane

(DCM),34-38

toluene,39-43

and

tetrahydrofuran

(THF).44-48 Tandem mass spectrometric analysis of an asphaltene sample and selected
asphaltene model compounds was conducted using APCI with each of the four solvents.
Both island type and archipelago type model compounds were studied.

The mass

spectrometric data collected for each solvent were compared to data collected using CS2
as the solvent.

7.2 Experimental
Chemicals. The asphaltene sample used here originated from an oil field in
Russia. The four asphaltene model compounds studied were provided by Professor
Murray Gray (University of Alberta, Edmonton, Alberta, Canada). Figure 7.2 shows the
structures of the asphaltene model compounds that were studied.

Carbon disulfide

(>99.9%), toluene (≥99.9%), dichloromethane (≥99.9%), chloroform (≥99.9%) with
amylene stabilizer, and tetrahydrofuran (≥99.9%) were purchased from Sigma Aldrich
(St. Louis, MO) and used without purification.
Instrumentation. A Thermo Scientific LTQ linear quadrupole ion trap (LQIT)
mass spectrometer was used for mass spectrometric analyses. The asphaltenes sample
and model compounds were dissolved in each solvent at a concentration of 0.5 g/mL and
then introduced into the APCI source via direct infusion from a Hamilton 500 μL syringe
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through the instrument’s syringe pump at a rate of 20 µL per minute. The APCI source
was set to 300°C. The ions derived from the model compounds and asphaltenes were
isolated and subjected to CAD.

A isolation windows of 1 m/z-unit (selected m/z

value ± 0.5) and 2 m/z-units (selected m/z value ± 1) were used for isolation of ions
derived from the model compounds and asphaltenes, respectively.

All instrument

parameters were controlled by the LTQ software.

Figure 7.2

Structures and masses of the model compounds that were studied.

7.3 Results and Discussion
APCI of model compounds was studied first to determine the types of ions that
are produced during APCI using each solvent. The same results were obtained for all
model compounds.

Hence, only the results obtained for model compound A are
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discussed below. Figure 7.3 shows the mass spectrum of A obtained using APCI with
CS2 as the solvent/ionization reagent to serve as a comparison point for the mass spectra
collected using the other solvents and shown in Figures 7.4 - 7.7.

Figure 7.3
Mass spectrum of compound A when carbon disulfide is the
solvent/ionization reagent for APCI. Stable molecular ion is the only type of ion
produced (the additional peaks at m/z 539.5 and 540.5 are due to C13 isotopes).
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Figure 7.4
Mass spectrum of compound A when chloroform was the
solvent/ionization reagent during APCI. Stable molecular ion along with many adduct
ions formed from chloroform were detected (indicated with blue arrows).

Figure 7.5
Mass spectrum of compound A when dichloromethane was used as the
solvent/ionization reagent during APCI. Stable molecular ion, protonated molecule, and
many additional adduct ions formed from dichloromethane during APCI (indicated with
blue arrows) were formed.
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Figure 7.6
Mass spectrum of compound A when toluene was used as the
solvent/ionization reagent during APCI. Stable molecular ion, protonated molecule, and
two additional adduct ions (indicated by blue arrows) were formed.

Figure 7.7
Mass spectrum of compound A when tetrahydrofuran was used as the
solvent/ionization reagent during APCI. Stable protonated molecule is the only type of
ion produced (the additional peak at m/z 540.4 is due to C13 isotopes).
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Using the mass spectrum collected by using APCI with CS2 as the
solvent/ionization reagent (Figure 7.3) as a reference for the "ideal" spectrum (only one
ion produced per molecule), the viability of each solvent for APCI of asphaltenes can be
easily determined.

For chloroform as the solvent (Figure 7.4), A forms abundant

molecular ion but also a variety of adduct ions.

The formation of adduct ions is

undesirable for the analysis of asphaltenes due to further convolution of an already
complex mixture. Adduct ions were also observed when DCM was used as the solvent
(Figure 7.5), along with molecular ions and protonated molecules. Toluene as the solvent
(Figure 7.6) produced minor adduct ions along with abundant molecular ion and
protonated molecule. THF (Figure 7.7) was the only new solvent that did not produce
any adduct ions but instead was found to produce solely protonated molecules for all
model compounds (with the exception of compound B that was found to produce only
molecular ions).
CAD of the adduct ions observed for the model compounds was then conducted
to learn how they fragment.

Figure 7.8 shows the CAD mass spectra for three of the

adduct ions produced from compound A when using chloroform, ions of m/z of 607.5
(top left), 621.3 (top right), and 656.3 (bottom). All the adduct ions displayed fragment
ions that can be attributed to the solvent, with the loss of HCl being evident for all three
adduct ions. The same was found to be true for DCM (Figure 7.9). The adducts that
formed with toluene were able to attributed to toluene as shown in Figure 7.10.
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Figure 7.8
CAD mass spectra of three adduct ions formed upon APCI of A when
chloroform was the solvent/ionization reagent.

Figure 7.9
CAD mass spectra of two adduct ions formed upon APCI of A when
DCM was the solvent/ionization reagent.
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Figure 7.10 CAD mass spectra of two adduct ions formed upon APCI of A when
toluene was the solvent/ionization reagent.

The fragmentation patterns of both the protonated model compounds and their
molecular ions were also studied to determine whether the change from CS2 to THF
changes the CAD mass spectra produced for ions derived from asphaltenes. Some
changes are likely since CS2 produces molecular ions but THF protonated molecules.
Figure 7.11 shows MS2 - MS4 mass spectra for both the protonated molecules (left) and
the molecular ions (right) for A.

These CAD mass spectra show vastly different

fragmentation patterns for protonated molecules and molecular ions. Hence, different
fragmentation patterns are also expected when CAD mass spectra are measured for
isolated protonated molecules and molecular ions derived from asphaltenes.
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Figure 7.11 CAD mass spectra of the protonated molecules (left) and the molecular
ions (right) formed upon APCI of A when toluene was the solvent/ionization reagent.

Each solvent was then used in conjunction with APCI to ionize an actual
asphaltenes sample. Figure 7.12 shows the molecular weight distribution (MWD) of the
same asphaltene sample dissolved in each of the solvents of interest, along with CS2 for
comparison.
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Figure 7.12 Mass spectra of the asphaltene sample dissolved in carbon disulfide (top),
chloroform (middle left), dichloromethane (middle right), tetrahydrofuran (bottom left),
and toluene (bottom right).

The mass spectra in Figure 7.12 show that all of the solvents, expect toluene, have
little effect on the MWD of the sample. The MWD ranges from about 300 Da to 1400
Da for CS2, chloroform, DCM, and THF. Toluene, on the other hand, produces very
abundant solvent related ions at low m/z-values that suppress the signal of the ions
derived from asphaltenes at higher m/z values. CAD was then conducted on several
isolated ions to determine whether adduct ions similar to those that were found for the
model compounds would also be observed for asphaltenes. Figures 7.13 - 7.16 compare
CAD mass spectra for ions of m/z 600 ± 1 for the new solvents (red) and CS2 (black).
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Figure 7.13 CAD mass spectrum collected for ions of m/z values of 600 ± 1 when
chloroform was used as the solvent (red) overlaid with the CAD mass spectrum collected
for the same ions when CS2 was used as the solvent (black). Two new fragment ion
clusters are observed in the CAD mass spectrum with chloroform as the solvent. These
new fragment ions are due to adducts.

Figure 7.14 CAD mass spectrum collected for ions of m/z values of 600 ± 1 when
DCM was used as the solvent (red) overlaid with the CAD mass spectrum collected for
the same ions when CS2 was used as the solvent (black). Two new fragment ion clusters
are observed in the CAD spectrum with DCM as the solvent. These new fragment ions
are due to adducts.
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Figure 7.15 CAD mass spectrum collected for ions of m/z 600 ± 1 when toluene was
used as the solvent (red) overlaid with the CAD mass spectrum collected for the same
ions when CS2 was used as the solvent (black). Two new fragment ion clusters are
observed in the CAD spectrum with toluene as the solvent. These new fragment ions are
due to adducts.

Figure 7.16 CAD mass spectrum collected for ions of m/z 600 ± 1 when THF was
used as the solvent (red) overlaid with the CAD mass spectrum collected for the same
ions when CS2 was used as the solvent (black). No new fragment ion clusters are
observed in the CAD spectrum with THF as the solvent.
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A typical CAD mass spectrum of an asphaltene sample ionized using APCI with
CS2 as the solvent/ionization reagent (black CAD spectra in Figures 7.13 - 7.16) has
several distinct features: some fragment ions are produced from water loss (-18 Da from
parent ion), hydrogen sulfide loss (-34 Da from parent ion), and the loss of a methyl
radical (-15 Da from parent ion) with many additional consecutive formal methylene
losses (no methylenes are actually lost) that form a decay profile. In Figures 7.13 - 7.15,
new fragment ions appear in the CAD mass spectra when the solvents chloroform, DCM,
or toluene were used. These new fragment ions are a direct result of the adduct ions that
are formed during APCI of asphaltene molecules, as observed with the model
compounds. The new fragment ions that are produced with chloroform correspond to the
losses of HCl and CHCl3 from the parent ion. The fragment ions formed using DCM
correspond to losses of HCl and CH2Cl from the parent ion. Lastly, the fragment ions
that were the result of fragmentation of toluene adduct ions correspond to losses of
[toluene - H] and [toluene + CH2 - H]. The fragment ions corresponding to the loss of
HCl for chloroform and DCM overlap with the fragment ions formed from the loss of
hydrogen sulfide. The relative abundances of the fragment ions produced from the loss
of hydrogen sulfide may yield information regarding the sulfur content of the molecule,
which cannot be determined with the overlapping peaks generated by solvent adduct ions.
For the solvent THF, the CAD mass spectrum is almost identical to the mass spectrum
collected CS2 is the solvent (Figure 7.16). This result is surprising as it indicates that
ionized asphaltenes fragment in a very similar fashion whether they are ionized to form
molecular cations or protonated molecules. This is very interesting since the model
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compounds analyzed here fragment very differently depending on whether they are
radical cations or protonated molecules, as shown in Figure 7.11.12

7.4 Conclusions
In this study, mass spectrometry results obtained using APCI with chloroform,
THF, DCM, and toluene as the solvent/ionization reagent were compared to those
obtained using carbon disulfide for asphaltene model compounds and real asphaltenes.
The purpose of these experiments was to find a solvent that is suitable for on-line HPLC
separation of asphaltenes prior to mass spectrometric analysis in order to simplify the
mixtures prior to analysis. Hence, the solvent has to be compatible with HPLC (i.e., does
not degrade or damage the columns) and with APCI (i.e., produce only one ion per
compound). Three of the four solvents studied, toluene, chloroform, and DCM, produced
several different ions for the asphaltene model compounds upon APCI.

This will

convolute the CAD mass spectra measured for asphaltenes by producing new solvent
dependent/related fragment ions. THF was found to only form one ion per model
compound, the protonated molecule, except for one model compound B that was found to
produce the molecular ion. The CAD mass spectra measured for isolated ions derived
from the asphaltene sample ionized by APCI using THF as the solvent/ionization reagent
were almost identical to the mass spectra obtained using CS2. These results suggest that
THF is a suitable, HPLC compatible, replacement for CS2 when analyzing asphaltenes
using APCI.
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CHAPTER 8: DEVELOPMENT OF A HIGH-THROUGHPUT LASER-INDUSED
ACOUSTIC DESORPTION PROBE WITH RASTER SAMPLING COUPLED TO
ATOMSPHERIC PRESSURE CHEMICAL IONIZATION

8.1 Introduction
The analysis of thermally labile and nonvolatile analytes by mass spectrometry
has long been a struggle but the development of soft ionization techniques such as matrix
assisted acoustic desorption (MALDI) and electrospray ionization (ESI) have gone a long
way in improving the analysis of those molecules. 1-5 On the other hand, both MALDI
and ESI preferentially ionize the most polar molecules with easily ionizable functional
groups and are unable to ionize nonpolar compounds, such as hydrocarbons.6,7 Laserinduced acoustic desorption (LIAD) was then developed for the evaporation of thermally
labile and nonvolatile analytes that could then be ionized using any ionization method.
LIAD involves firing a pulsed laser at the backside of a thin foil to generate acoustic
waves that propagate through the foil and evaporate the intact neutral analyte molecules
from the front side of the foil.8-11 To date, much of the research utilizing LIAD was
performed using high vacuum instruments such as Fourier-transform ion cyclotron
resonance (FT-ICR) mass spectrometers capable of electron ionization (EI) and chemical
ionization (CI).12-16 LIAD coupled with these ionization methods inside of an FT-ICR
has been shown to facilitate mass spectrometric analysis of biomolecules, such as
peptides, and various petroleum samples, ranging from saturated hydrocarbons to
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asphaltenes.15-18 The increasing popularity of atmospheric pressure ionization techniques
has led to the coupling of LIAD to ESI and atmospheric pressure chemical ionization
(APCI).7,19,20 Careful considerations are required when choosing what ionization method
to couple with LIAD. If the ionization method has an inherent bias, such as ESI, the
method will suffer from that same bias and will be unable to analyze nonpolar
compounds. LIAD/APCI has been successfully used to analyze both polar and nonpolar
hydrocarbons.7,20 Nevertheless, LIAD/APCI does have its limitations, such as being able
to only sample a small fraction of the analyte molecules deposited on the surface of the
LIAD foil, and the inability to efficiently desorb large thermally labile molecules, such as
asphaltenes.
Work conducted using a high-power LIAD probe that was developed for highvacuum experiments demonstrated that higher laser power densities produce stronger
acoustic waves that can desorb larger analytes.21,22 The same high-power LIAD probe
was used in the initial LIAD/APCI experiments. 7,22

While high-power LIAD/APCI

allowed for the analysis of larger compounds compared to fiber LIAD, the shot to shot
reproducibility was poor, especially for asphaltene samples. It is believed that the long
laser beam path was a major factor leading to the poor reproducibility. The long beam
path results in beam divergence causing a large loss in laser power density between the
laser exit slit and the back of the foil. Non-optimal alignment of the mirrors inside the
probe also resulted in laser power density to be lost. Further, the alignment of the inner
mirrors is quite time consuming due to the inability to make fine adjustments, and the
alignment easily drifts as a result of vibrations.

Another major weakness of the

conventional LIAD probe, described in section 2.6.4, is that only about 26.5 mm2 of a foil
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with a total surface area of 227 mm2 can be irradiated by the laser (Figure 2.16). Thus,
only around twelve percent of the total sample deposited on the foil is utilized. In an
effort to eliminate these problems, a new high-power LIAD probe capable of rastering the
sample was developed.

8.2 Experimental
All experiments were performed using a Thermo Scientific LTQ linear
quadrupole ion trap (LQIT) equipped with an APCI source and operated in the positive
ion mode. The APCI source was operated at 300 °C, with a sheath gas flow rate of 40-50
(arbitrary units), and an auxiliary gas rate of 5 (arbitrary units). The instruments transfer
capillary was kept at 275 °C. The ionization reagent for LIAD/APCI was either carbon
disulfide directly infused into the source at 20 μl/min, or no solvent was used allowing
the nitrogen nebulizer gas to serve as the chemical ionization reagent. The use of both
carbon disulfide and nitrogen as ionization reagents produced molecular ions for all
analyte molecules desorbed through LIAD
A Continuum Minilite Nd:YAG laser (model Continuum Minilite II, model ML
1) set to 532 nm wavelength with 12 mJ nominal power (at 532 nm) at a repetition rate of
10 Hz, 1 cm-1 line width, ˂ 3 mrad divergence, and beam diameter of 3 mm, was used to
perform LIAD.

Kinematically mounted high-power reflective mirrors were used to

control the light beam path in the new LIAD setup.7 The sample was deposited onto the
LIAD foil using the dry drop method, described prevoulsy.16
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8.3 Novel High Throughput LIAD Probe
Many of the design limiting factors that played a role in the development of the
initial LIAD probes for FT-ICR, such as desorbing the molecules on axis with the
electron beam and the magnetic field, that required the inner mirror assembly are no
longer an issue.22,23 This allowed the removal of the inner mirror assembly eliminating
alignment and laser power densities issues associated with them. To further reduce the
reproducibility problems and loss of laser power density that were present in the first
LIAD/APCI setup on a LQIT,7 a new LIAD probe was designed with three telecentric
lenses to focus and re-collimate then refocus the laser beam as it travels to the backside of
the foil (laser spot on the back of the foils was around 0.3 mm in diameter). The focusing
and recollimating of the laser beam minimizes beam divergence over the three foot beam
path.
The probe was constructed of two identical brass tubes (295 mm long, 0.736”
outer diameter, and 0.535”-40 threads) with three lens holders (0.5” long, 0.5” aperture
inner diameter) one at each end and one in the center. The lens holders contained a
telecentric lens (Plano-Convex Lens, 0.5” diameter, f = 150.0 mm, Ar-coated). One of
the brass tubes acts as a spacer that is twice the focal length of the lenses resulting in the
beam being focused via the first lens and recollimated by the second lens as shown in
Figure 8.1. The third lens focuses the laser beam onto the backside of the foil. By
changing the distance of the third lens from the foil the focusing volume at the foil can be
manipulated. Each of the brass tubes had clearance holes drilled along their length to
help facilitate cooling when the laser was fired. The minimization of heating inside of
the brass tubes helps reduce the expansion of the metal lens holders and spacer tubes.
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Plano-Convex Focusing Lens
Nd:YAG Q-pulsed Minilite Laser
(532 nm)
Ventilation Holes

Ti Foil

Telecentric
Lens Pair

Kinematically Mounted Mirrors

Brass Probe

Figure 8.1
Depiction of the novel high-throughput LIAD probe. The lens holders that
are threaded into the spacer tubes are not shown in this diagram (reproduced from
Reference 23).

The probe shown in Figure 8.1 fits into an adapter built into the raster assembly
that connects to the atmospheric ionization chamber on the front of the LQIT. The other
end of the probe is held in place via a custom holder secured to a breadboard that sits on
the table in front of the instrument. The probe has to be removed every time a new
sample foil is introduced and can be done without moving the external kinematically
mounted mirrors preventing the need for realignment of the laser between each sample.
A photograph of the high throughput probe is provided in Figure 8.2.
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Figure 8.2
Image of the novel high-throughput LIAD probe. The probe is held by the
raster assembly on the left and a custom holder on the right. The new probe can easily be
removed to change sample without disturbing any of the kinematic mirrors shown on the
right side of the image (picture reproduced from Reference 23).

8.3.1 New LIAD Probe Performance
The new high-throughput LIAD probe greatly increases the ease of laser beam
alignment to the back of the foil when compared to the original setup. 7,22 The telecentric
lenses also greatly reduce the amount of power lost as the laser beam travels to the foil.
The original LIAD setup suffered from about 75% loss in laser power by the time the
beam hit the LIAD foil.22 The new probe containing the telecentric lenses was found to
only lose 2% of the initial laser power. The reduction in the amount of power increased
the maximum potential power density on the backside of the foil from 2000 MW/cm-2 to
8200 MW/cm-2. The power densities were measured using an Ophir power meter (model
no. 7Z0287), placed either at the head of the laser or where the foil is placed.
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The new probe was then evaluated by testing its ability to desorb asphaltenes the
spectrum of which is shown in Figure 8.3. The asphaltene sample was dissolved in
carbon disulfide at a concentration of roughly 1mg/mL and deposited on the titanium foil
using the dry drop method, as described previously. 16 The titanium foil was then placed
into the raster assembly (described below) and the asphaltenes were desorbed using
LIAD. The desorbed asphaltene molecules were ionized using APCI with nitrogen as the
ionization reagent. The corona discharge ionizes the nitrogen to form N 2+• which in turn
abstracts an electron from an asphaltene molecule, forming a radical cation.

The

measured molecular weight distribution (MWD) of the asphaltenes was found to range
from m/z 200 up to m/z 1050. These results are in good agreement with previous
measurements using LIAD/EI (70 eV) as shown in Figure 8.3. The initial LIAD/APCI
setup did not yield signals for asphaltenes7 but the higher power that is able to reach the
foil using the new probe, better desorption of molecules such as asphaltenes can be
achieved.
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Figure 8.3
Mass spectrum of Khafji asphaltenes measured using high vacuum
LIAD/EI (70 eV) in a 3T FT-ICR (top) and a mass spectrum of the same asphaltene
sample ionized via LIAD/APCI using nitrogen as the chemical ionization reagent in a
LQIT. The MWDs measured using both methods are in good agreement with one
another (reproduced from Reference 23).

8.4 Novel High-Throughput LIAD Raster Assembly
In order to utilize more than twelve percent of the analyte deposited onto the
LIAD foil when using the traditional LIAD probe, a rastering assembly was built. For
the assembly to be successful, it needed to allow for the movement of the foil in the xand y-directions with a fixed laser beam path to be able to sample a significant portion of
the surface and allow the new high-throughput probe to be maneuvered in the z-direction
to change the focal volume and power density of the laser beam at the backside of the
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LIAD foil. The setup also needs to allow for easy addition and removal of LIAD foils
that will not disturb the optics to prevent the need to realign the laser between each
sample.
The raster LIAD assembly bolts to the front of the ionization chamber of the
Thermo Scientific LQIT after removal of the original front access door, as shown in
Figure 8.4. The same bolts (#4/40) and 90° lock pins that attached the original door also
attach the assembly. The assembly contains an adjustable brass holder (inner diameter
0.74”, outer diameter 1.03”) to hold the final 3.75” tip of the probe for the high
throughput in place. The adjustments allow optimization of the probe time in the x- and
y-directions to overlap the analyte plume produced during LIAD with the corona
discharge needle for more efficient ionization. The holder also allows for movement of
the probe in the z-direction to change the focal volume and power density of the laser
beam at the backside of the foil. The LIAD foil is held in place via four screws with
washers at each corner of the foil stage. The stage is attached to the assembly by two
perpendicular threaded rods (1/32” thread) that allow movement of the stage in the x- and
y-directions enabling a large portion of the foil to be sampled. The movement of the
threaded rods is achieved by manually turning one of two knobs that connected to via a
cable drives. One knob will move the stage in the y-direction (up and down) and the
other knob controls movement in the x-direction (right and left). Detailed pictures of the
rastering assembly are shown in Figure 8.5.

163

Figure 8.4
CAD drawing of the rastering assembly (left) and a photo of the Thermo
Scientific LQIT ionization chamber with the front access door open (right). The rastering
assembly replaces the front door while using the original hardware for attachment
(reproduced from Reference 23).

Figure 8.5

Images of the raster LIAD assembly (reproduced from Reference 23).
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8.4.1 Performance
The new LIAD assembly that is able to raster significantly increases the area of
the foil that can be irradiated compared to the traditional LIAD probe, as shown in Figure
8.6. Roughly about 133 mm2 of the foil was sampled using the raster assembly compared
to 26.5 mm2 for the conventional setup. That indicates that five times more sample can
be analyzed.

Figure 8.6
Image comparing a foil used in the raster LIAD assembly to a foil used in
the conventional LIAD probe (reproduced from Reference 23).

The previous work conducted on the conventional LIAD/APCI found that a
quarter of the sample (6.63 mm2 of the foil) had to be evaporated using LIAD to produce
an adequate signal-to-noise ratio.7 That meant that only four experiments could be
conducted per foil. The raster assembly is able to sample roughly 133 mm2 of the foil
surface, but only half of that surface area can be used to allow a space in between the
sampling rows on the back of the foil. Allowing for space in between sampling rows
helps prevent overlap of consecutive shots as to maximum amount of analyte molecules
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able to be desorbed with any given laser pulse.

With that in mind, around ten

experiments can now be conducted per foil, almost three times as many than the
conventional setup. With the increased foil size and sampling area, multiple analytes can
be placed on the foil in different areas (discussed in more detail in Chapter 9), further
increasing the through-put of this method.
The use of the new raster assembly also helps improve sensitivity and
reproducibility. The increased sampling surface area available allows prolonged LIAD
experiments which increases the number of mass spectra that can be collected by the
LQIT. That then can be averaged to reduce the affect of uneven sample on the surface of
the foil or low sample concentration. The effects of being able to average a large number
of mass spectra after an experiment using the raster LIAD assembly is shown in Figure
8.7. The top image in Figure 8.7 is a total ion chromatogram collected during a 3.75
minute raster LIAD experiment utilizing the entire available sampling surface area and
resulting in the collection of about 920 mass spectra. The signal obtained in the first 30
seconds of the total ion chromatogram is a collection of background mass spectra to
allow for background subtraction. The peaks in the chromatogram correspond to areas of
the foil that contained a higher concentration of analyte and low intensity areas of the
chromatogram correspond to sections of the foil that had lower concentrations of analyte.
The dry drop method that was used to deposit the sample to the foil does not generally
form a uniform sample layer onto the foil. A better sample deposition method was
developed to solve this problem, as described in Chapter 9.
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Figure 8.7
Total ion current as a function of time for a raster LIAD experiment (top).
The mass spectrum, on bottom, was produced by averaging all of the ~922 mass spectra
collected between t = 0.50 min to t = 3.75 min and subtracting the background (t = 0 min
to t = 0.50 min). The desorbed octaethyl porphyrin molecules (MW = 600 Da) were
ionized using APCI with carbon disulfide as the chemical ionization reagent (reproduced
from Reference 23).
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8.5 Conclusions
A new high-throughput LIAD probe using a telecentric lens pair along with a
raster assembly was developed to improve the capabilities of LIAD/APCI. The new
probe increases the laser power density that reaches the LIAD foil to 98% of the initial
laser output from the 25% that was achieved using the conventional LIAD probe via the
reduction of beam divergence.22 The increase in laser power at the LIAD foil allows for
better desorption of heavy analytes, such as asphaltenes, that could not be analyzed using
the previous method.7
The raster assembly was created so that a greater surface area of the LIAD foil
can be sampled. The assembly can be easily attached to the ionization chamber of the
Thermo Scientific LQIT by removing the front door. The rastering stage moves in the xy plane by a person twisting one of two knobs attached to two perpendicular threaded
rods. The knobs have since been replaced with electric motors under computer control to
automate the system.

The raster assembly was found to improve sensitivity and

reproducibility by increasing the number of mass spectra that can be collected and
averaged during the course of a LIAD experiment. More experiments can also be
conducted per LIAD foil because of the dramatic increase in available sampling area
using the raster setup (133 mm2) over the conventional setup (26.5 mm2).
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CHAPTER 9: DESIGN AND DEVELOPMENT OF A DRYING GAS CHAMBER FOR
PREPARING LIAD FOILS

9.1 Introduction
As previously mentioned in Chapter 8, laser induced acoustic desorption (LIAD)
is a technique for the evaporation of nonvolatile neutral molecules into the gas phase. It
has proven useful for the mass spectrometric analysis of biomolecules and large
hydrocarbons.1-4 The ability to couple LIAD to almost any ionization technique has been
shown to be beneficial for the mass spectrometric analysis of a variety of analytes. 5-8
LIAD uses a pulsed laser beam focused onto the backside of a metal foil that contains a
layer of the analyte on the front side.5-7,9 When the laser hits the backside of the foil
acoustic waves are generated. They propagate through the foil and evaporate neutral
analyte molecules from the front side that are then ionized.7,9 In these experiments, good
reproducibility and large signal depend on the uniformity of the analyte layer on the
foil.10
Previous sample deposition methods utilized for LIAD foil preparation were
discussed in Chapter 2.6.3.

Electrospray deposition can be used to create a rather

uniform sample layer on the foil surface but is only effective for polar analytes.11 The
deposition of nonpolar analytes, such as petroleum samples, is normally performed using
the dry drop method.2 The downside to this method is that the analyte layer on the
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surface of the foil is highly non-uniform, likely because the solvent moves towards the
outside of the foil during sample deposition since the adhesion forces of the solvent to the
foil are weaker than the cohesion forces between the solvent molecules. This migration
of the solvent as it evaporates results in areas of high and low analyte concentration on
the foil surface. In an effort to minimize this effect, the foil is softly spun to redistribute
the analyte more evenly as the solvent is evaporating. This is a difficult process that
requires much practice as spinning too fast will cause the sample to fall off of the foil and
spinning too slowly will not effectively redistribute the analyte solution. The dry drop
method cannot be used for thermally labile compounds because the foil is slightly heated
to help facilitate evaporation of solvent.
Both electrospray deposition and dry drop methods were most effective with the
circular LIAD foils for the original probes. The raster LIAD assembly discussed in
Chapter 8 requires larger foils that are rectangular in shape. For these foils, the dry drop
method produces layers of analyte molecules that are even less uniform and the foil is too
large for the spray cone formed during electrospray deposition to cover entire foil. A
chamber utilizing drying gas to facilitate evaporation of the solvent was developed for the
rectangular foils to resolve the problems faced using the other sample deposition
methods.

9.2 Design and Construction of the Drying Gas Chamber
The chamber that was made to address the problems of non-uniform sample
deposition onto LIAD foils consists of four parts that are denoted A, B, C, and D. Part A
is the base block shown in Figure 9.1 consisting of a milled piece of stainless steel that is
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2.505” long x 1.495” wide x 1.455” tall. A rectangular region that is 1.314” long x
1.054” wide x 0.715” deep was removed from the center of A. In the bottom of the
cavity formed from the removal of the rectangular block two addition wells were milled
to collect solvent that may leak off the edges of the foil. The wells were 0.592” long x
0.273” wide x 0.681” deep and were separated by a 0.145” spacing centered along the
length of A. The top surface of A also contains four threaded holes that are 1.000” deep
for 6-32 bolts in each of the corners located 0.250” from both the long and short sides.
Figure 9.2 gives all of the relevant dimensions are for A and all other components.
Part B holds the LIAD foil and was constructed of Teflon with dimensions 1.300”
long and 1.000” wide and was designed to fit into the cavity of A. A centered 0.14” deep
cavity was recessed into the top of B that is 1.008” long x 0.870” wide. Two 0.13”
diameter clearance holes were drilled through the recessed region of B directly above the
solvent collection wells in A. Both holes were placed 0.491” from the long side of the
block and 0.385” from the short side of the block with 0.371” space between the holes,
measurements were made from the center of the holes. After B is placed into A, a
rectangular titanium foil can be inserted into the recessed cavity of B.

The foil

dimensions are 1.004” long x 0.841” wide x 12.7 μm thick. The same foil sheets as those
used to make the conventional circular LIAD foils were used to make these foils.
Parts C1 and C2 are interchangeable forming mandrels made from stainless steel
and are mushroom shaped when viewed from the side. The lower and upper sections of
C1 and C2 have dimensions of 1.000” long x 0.850” wide and 1.299” long x 0.998” wide
x 0.185” tall. A notch cut at a 90-degree angle transitions the upper and lower sections of
C1. A rectangular shape cut out was removed from the center of C1 with dimensions
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0.801” long x 0.661” wide. C1 is placed on top of B with the lower section of C1 fitting
into the recessed cavity in B. C1 forms a seal between the foil edges and B, allowing the
foil to be exposed in the cut out in the center of C1. The area of exposed foil is where the
analyte is deposited after the chamber is fully assembled. C2 can be used instead of C1
to allow for two separate regions for sample deposition, so a foil can be produced with
two different analytes on different section of the foil. C2 is identical to C1 expect C2 has
a 0.980” wide divider through its center, so that the two identical cutouts of 0.350” long x
0.661” wide are formed.
The last piece of the assembly is the lid, part D. D sits onto the top of A and is
fastened to A with four 6-32 allen head bolts, each 1” in length. The bolts pass though
clearance holes in D (0.250” from each edge) and thread into the tapped holes in A. A
circular viton o-ring, 0.799” ID and 3/32” thick, sits in a 0.130” deep recessed circular
channel centered on the lid both horizontally and vertically with an outer radius of 0.510”
on the underside of D. The o-ring helps to compress C1/C2 into B as the lid is tightened
down with the bolts, effectively sealing the edges of the titanium foil to prevent solvent
from leaking off of the foil. A second viton o-ring, 19/16” ID and 3/32” thick, rests in a
rectangular channel of the same depth but with dimensions of 1.740” long x 1.380” wide
centered on the lid horizontally and vertically. In the center of D a clearance hole with a
0.380” was drilled.
When to bolts holding A and D together are fully tightened the large o-ring on the
underside of D forms a seal between A and D to prevent excess leakage of drying gas
from the chamber as solvent is evaporated off of the foil. A 19/22-19/38 rubber septum
is then placed into the clearance hole in D with two 22-gauge needles are inserted into the
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septum with one of the needles having a 90 degree bend in the shaft so that the tip will be
parallel with the titanium foil once passed through the septum. The bent needle is then
attached to a compressed gas cylinder of an inert dry gas, such as argon or nitrogen. The
bend in the needle is requires so the gas is not blowing directly onto the surface of the
foil, which would blow away the sample in the area leave a region of bare foil. The
second needle was used as the exhaust allowing the drying gas to leave the chamber to
prevent pressure build up.

Figure 9.1
The parts of the LIAD foil sample preparation chamber. Each part is
labeled for easy referencing in the description of the chamber above. A is the base and
contains the primary cavity, B the foil holder, C1/C2 are the forming mandrels, and D is
the lid. C1 and C2 are interchangeable mandrels with C1 allowing only one analyte to be
deposited on the foil surface and C2 allowing two analytes to be deposited on the foil
surface (reproduced from Reference 10).
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Figure 9.2
Computer aided design of the components of the LIAD foil drying gas
chamber, dimensions given in inches (reproduced from Reference 10).

The sample is added after the chamber is fully assembled and the foil is inside but
before the septum is inserted. The analyte solution is pipetted onto the surface of the foil
until a thin layer of solvent covers the entire foil surface. The more volatile the solvent
the faster the evaporation but solvents with low volatility, such as water, can also be used.
The septum is then inserted while letting the drying gas flow at at a low rate (just a few
bubbles per second when the needle is inserted into water) over the sample. For very
volatile solvents, such as carbon disulfide, 10 minutes is normally more than enough time
to evaporate all of the solvent. Once the solvent has fully evaporated, the septum is
removed to check the condition of the foil. If the sample concentration is too low, the
previous steps are repeated until the desired concentration is achieved.

177
The sample layer on the surface of the foil is visually more uniform than when
using the dry drop method as shown in Figure 9.3. The foils presented in Figure 9.3 had
asphaltenes deposited on their surface. Asphaltenes are primarily made up of nonpolar
hydrocarbons and hence cannot be deposited using electrospray. Figure 9.4 shows the
total ion chromatogram from a LIAD rastering experiment using a foil that was prepared
with the dry drop method (top) and a foil prepared using the drying gas chamber
(bottom). The signal in the total ion chromatogram produced while a foil prepared using
the drying gas chamber was rastered was much more stable, indicating that the sample
layer was more uniform that that produced using the dry drop method. The drying
chamber also simplifies the production of the regular foils needed for raster LIAD
experiments. The forming mandrel C2 was found to successfully produce foils with two
distinct sections of analyte as shown in Figure 9.5. The ability to analyze foils with two
separate analytes on them will further help increase sample throughput for LIAD
experiments.

Figure 9.3
Comparison of a LIAD foil with asphaltenes deposited on it by using the
dry drop method (left) and a LIAD foil with asphaltenes deposited on it by using the
drying gas chamber (right). A visual comparison of the two samples indicates that the
sample is deposited much more uniformly using the drying gas chamber (reproduced
from Reference 10).
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Figure 9.4
The total ion chromatogram generated upon LIAD rastering a foil
prepared using the dry drop method (top) compared to a total ion chromatogram
generated upon LIAD rastering a foil prepared using the drying gas chamber (bottom).
The laser began firing at 0.5 minutes for both experiments; the sporadic signal is a result
of variations in the sample layer uniformity. The signal in the bottom chromatogram is
more consistent than in the top chromatogram, indicating that a much more uniform layer
of analyte was deposited onto the foil when using the drying gas chamber (reproduced
from Reference 10).
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Figure 9.5
A LIAD foil prepared using forming mandrels C2 in the drying gas
chamber. Brilliant green was deposited on the left side of the foil and octaethyl
porphyrin was deposited on the right side (reproduced from Reference 10).

9.3 Conclusions
A LIAD foil preparation chamber was developed to deposit samples on the new
rectangular foils that are required for the new raster LIAD assembly presented in Chapter
8. The chamber uses inert drying gas to evaporate solvent in order to leave a uniform
analyte sample layer on the foil surface. The chamber can be used to prepare foils of
both polar and nonpolar analytes, unlike electrospray deposition, and it produces a more
uniform sample layer than the dry drop method. The deposition chamber also has
interchangeable forming mandrels that allow for either one or two analytes to be
deposited onto the surface.
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